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Compilation of Dynamic Equation of State Data

for Solids and Liquids

INTRODUCTION

There has been a rapid accumulation of data pertaining

to the behavior of materials, metals, plastics, liquids,

and ionic compounds, subjected to intense, dynamic load-

ing. Much of these data relate to the volume changes

occurring under compression, known as dynamic equation of

state information or Hugoniot data. The experimental

results have provided the constants needed to fix in a

quantitative fashion, the thermodynamic parameters assoc-

iated with dynamic compression. These data have been

widely scattered and not readily accessible to the

numerous investigators who have use for them. This

compilation brings all of the available data together in

one place in an easily usable form. It contains discussions

of the essentials of shook wave theory, numerous tables and

graphs, empircoal equations, and a comprehensive biblio-

graphy.

Most of the empirical data used in determining

Hugonlot curves have been obtained by making velocity

mueasurements. In most of the early work, shock velocity

and particle velocity were measured simultaneuusly and the

conservation equations were used to compute pressure-

volume relationships and other thermodynamic constants.

Ilter, after lugonlots had been yell established for some

materials, the impedance match method became nore popular

/
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since it involved only the determination of shock velocity.

Some attempts have been made to measure density changes direct-

ly using flash X ray techniques, but, in general, these

have not given very accurate r3sults. Direct measurements

of pressure are being made successfully at present using

piezoelectric quartz crystals, although the upper limit

of pressure by this technique is only about forty kilobars.

Several methods have been used tn generate shocks.

In the early tests, an explosive charge was detonated in

intimate contact with the material under study using

explosive plane wave generators. A severe limitation of

this technique was the fact that a wide variation of shock

pressure could not be achieved. An important later modifi-

cation of the method was the introduction of an impactor

plate whioh was propelled by the explosive charge so as to

strike the specimen. By Judioious choice of impactor

plate material, and explosive charge size, a very wide range

of pressuree were possible.

More recently, a number of laboratories nave developed

gun impaotor devices for generating shocks. These devices

have the big advantage of accurately preselecting and

controlling initial conditions. With guns, extremely high

pressures, several thousand kilobars, are possible,

Pin contactors to measure free surface velocity gave

the first quantitative data on pa:ticle velocity, the

assumption being made that free surface velocity was Just

twice that of particle velocity. The techr.ology of the
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pin contactor has reached an exceedingly high level of

development although other techniques are gradually
replacing this one. One such technique utilizes the fact

that argon becomes luminescent when subjected to high

intensity shook, making it possible to measure times

of arrival by observing, with a streak camera, onsets of

luminosity. In another tec-nique, surface velocity is

monitored continuously by means c1' a resistance wire.

Condenser techniques have also been found useful.

No attemi-t has been made in this compilation to

delineatedetailed experimental methods used in obtain-

ing data. It is felt that anyone interested in full

descriptions of experimental methods can obtain these

best by going to the original source.

3I
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Basic shook wave equations

A shock Tave is in essence a moving discontinuity in

pressure, temperature, particle velocity, density, and

internal energy. For all practical purposes, the shock

imve converts instantaneously a fluid of low density,

temperature, and preseare to one of high density, tempera-

ture and pressure. The following equations, which can be

readily derived on the basis of Newton's laws of motion and

the conservation laws, (sole, 1948; Duvall, 1961) describe

fully the progress cf the shock wave and the conditions

ahead of and behind a shook moving through a material which

is initially at rest.

Conservation of mass: (V - u) = U (1)

Conservation of momentum: P - Pc = KO u IT (2)

Conrervation of energy: P u = ýo U (E - E° + u2 / 2) (3)

where U is the velocity with which the shock front is moving;

u is the translational particle velocity, the velocity with

which a polt in the compressed material behind the shock

front is moving in the direction of motion of the front; ýe

and are the respective densities of the material in front

of the shock and behind it; and Eo and E are the respective

energies of the material before and after compression.

A most useful equation, from a thermodynamio point of

4
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view, is obtained if equations (1) and (2) are combined,

giving the relation:hip

E - E = 1/2 (P + r ) - (1 (4)
0 0

This relationship is frequently called the Rankine-Hugoniot

relation.

These four equations containing as they do five

parameters, are not adequate 'to determine uniquely the four

parameters. Another equation is required, an equation of

state which, ihen combined with equation (4), results in a

relation between ý and v, where v = 1/ý , known as the

Hugoniot ý-v relation, or simply, the Hugoniot. This

Hugoniot relation aefines the locus of all points that will

be reached by a shook transition from the initial state Pc, o"0

Solving equations (1) and (2) for shock velocity and

particle velocity in teras of the pressure and density behind

the front yields

u 0 ",•/•o) (P - o) / (( 5o))
and

u = (0 ) /ý] U .(6)

Equations (5) and (6) are useful in oaloulating shock velocity

and particle velocity as a function of pressure when the

equation of state is knoern.

5
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It is also apparent from equations (5) and (6), particularly

equation (6), that a simultaneous experimental determination

of shock velocity and particle velocity is sufficient to establish

a point on the Hugoniot R-v curve and that a series of such

measurements will define the entire curve.

Extensive single Hugoniot measurements on a large number

of substances (Al'tshuler, Krupnikov and Brazhnik, 1958)

indicate that for almost all substances, shock velocity and

particle velocity are linearly related. Mhe reason for this

linear relationship:

U a + bu (u)

where a and b are constants characteristic of the material,

Js not understood. It holds, however, for ionic, molecular,

and metallic crystals and includes liquids as wfell as solids

and alloys. Sand (Bass, Hawk and Chabai, 1963) is a notable

exception. A specific linear relation holds only for a single

phase. When a material undergoes a phase change, the slope

changes at the pressure where the phase change occurs. This

fact is used to discover and to locate more precisely where

phase transitiom occur. Such transitions have been observed

in bismuth (Walsh, Rice, NcQueen aad Yarger, 1957 ; A-l'tshuler,

Krupnikov and Brazhnik, 1958), granite (Al.der, 1963; Grine,

1960; and Lombard,1961), iron and steel (Minshall,1955),

marble (Lombard, 1961; Dremin and Adadurov, 1959), playa

(Bass, Fawk and Chabas, 1963), pyrolytic graphite (Wagner,

6)
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Waldorf and Ioule, 1962), taconite (Lombard, 1961), and tuff I
(Lombard, 1961; Bass, Hawk and Chabai, 1963)

when shock veloci.ty and particle velocity are linearly

related, the equation of state can be iritten explicitly

in terms of the constants a and b of equation (7). Sub-

stituting in equation (2) the expression for U of equation

(7) yields

P 0 u(a + b u) (8)

when Io, usually equal to one atmosphere, is considered.

negligibly small compared to P. Equation (6) can then be

written in the form

v/ vo = a. + (b- ) u i / (a + b u) . (9)

Eliminating u between eq.iations (8) and (9) givec

P= a2  (1 b (10)

uh ere

•=1-v /vo 0

The equation of state, expressed by equation (10) is extreme-

ly useful in computing thermodynamic quantitie-. It should

Ir noted, however, that equation (10) is applicable only when

7
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shock velocity and particle velocity are linearly related.

Numerous investigators (Al'tshuler, Krupnitov and Brazhnik,

1958; Wagner, Waldorf and Laule, 1962) have expressed their

experimental results in the form of equation (10) although

other more empirical equations of state are often given.

The Los Alamos group (Walsh, Rice, !',cQreen and Yarger, 1957)

for instance, have published much o2 their equation of state

data in the purely empirical and analytic form

lre2

P=A +A B + 2

where

So~)=

and A, D, and C are material dependent constants.

8
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Theory of Hydrodynamic Impact

Consider the hypothetical case of two semi-infinite

bodies colliding along a plane interface, one body, medium

1, moving with vzlocity, V, in a direction perpendicular

to the interface (see figure); the other, medium 2, is

stationaryý Plane shocks will be propagated from the

interface into both colliding bodies as indicated in the

second figure. For most practical as well as theoretical

purposes, each shock front may be considered a zone of

infinitesimal width across which there is a discontinuous

jump of pressure and velocity of the medium.

The following relationships have been derived for the

changes across the shock front, propagated into a body at

rest, from the laws of conservation of mass, momentum, and

energy:

U = ¢u - U))

P = U u (2)

and

E P /2 (1/ 0 -1 /~)(3)

where U Is shock velocity; u is particle veoocity behind the

3hock front; ý, is the initial density; ý is the density

behind the ,hook front; P is the change in pressure across

the shock front; and E is the change in internal energy

across the shock front. These conditions must hold at all

9
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times during the course of the impact.

Two boundary conditions further connect the shocks in

the two bodies: because the two bodies must remain in contact

during the collision, the velocities of the two materials

on both sides of the interface must be the same, which is

the boundary condition of continuity *:f particle velocity;

and secondly, from Newton's third law, action equals reaction,

the pressures in the two shocks must be equal -

P1 = P2 (continuity of pressure).

Viewed from coordinates fixed with reference to the

interface, MN, the particle velocity between the two shocks

is zero: the material on each side of the interface appears

te an observer, riding on the interface, to be at rest, with

shock fronts, AB and CD, moving out into each respective

medium at a velocity determined by momentum considerations.

In homogeneous media, the shock velocities will remain 6onstant.

Consider now what happens to the several planes: AB, the

front of the shock moving upward into medium 1; MN, the plane

of common contact between medium I and 2; and CD, the front

of the shock moving dowaward into medium 2. EF is a fixed

plane of reference, at impact being coincident with I-IN. After

unit time, MN will have moved down from EF a distance u, u

be,.ng the particle velocity in the shook waves; CD will have

moved a distance U2 into medium 2 ..rom EP and will be a

distance (U2 - u) from 1N, '2 being the velocity of the shock

11
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in medium 2; and AB will have moved a distance U1 Into

medium 1 and will iLe at a distance (U1 - v) upward from

EF where U1 is the shock velocity in medium 1. AB will lie

a distance (Ul - V) + u from YIN.

Look now at the compression of the two bodies:

•, =(•, 1,) I 1 = (VIo - v) / VIo (4a)

=2  " 2o / 2 = (V20 - v2 ) / v2o (4b)

where &. is the compression of zedium 1; 12 is the compression

of medium 2; ý10 and R20 are the original densities of

mediums 1 and 2, respectively; ýj and ý 2 are densities of

compressed mediums I and 2, respectively; and the v's are

specific volumes.

The mass, m1 e of medium 1 which before impact was contained

in the volume U1 , after unit time resides Ir volume (U1 - V + u);

and the mass, mi2 , of medium 2, originally residing in the volume

U2 , now resides in volume (U2 - a). Thus, ýsinoe by definition

M, -,/ (uI - v + U) ý10, = M I / 11 1

=m 2 / (U2 - U) ; • 2o 2 / U 2

equations (4 a and b) lead to

12 I
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S-- / (U1  v + u) - m1 / V1 /[ml / (UI - V + u)

62 i 2 / -"2" u) m2 / U2 i[ m2 / (U2 " u)]

which reduce to

UI = (V - u)/ I(

and

From conservatlon of momentum.

m1 V u (M I + m2)

in'

so that

mn2 = mn1 (7 " U) / u £ (7)

By definition and substitution from equations (5) and (6) it

follows that

MI U1 , , (V - u) • 10

aiid

02 UJ2 2o0 u 2 (9)

Combining equations (7), (8), and (9; and solving for V yel~ds

13
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V = u 1( 2 o 1 10 2)J

and as u cannot exceed V under compression, only the positive

root has physical significance. Solving for u gives

u v I + 102o g1 / O o J (10)

and using equation (6) gives

U2 = V g 2 [' + ()2o &1 / q 10 &2) • (1S)

Novi from equation (2)

a= K20 2 (2a)

where u2 and U2 are, respectively, particle and shoclk velocities

measured with respect to the unshocked material. In the

original frameof reference, medium 2 is initially at rest so

that u2 equals u, the velocity with which the interface

between the t;o mediums moves, and equation (2a) becomes

P = ý20 U2 u

since Pn P1 = P. Note, however, that it is not true that

particle velocity, vl, in mediur 1, measured with respect to

the unshocked medium, is equal to u. Rather

14
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p1. = V - i_1

and

I = V- u)

J'e of cqust~on (a) leads finally to

ý= 20 S 2) {v/ + ý2 PI

jj

Equations (11) and (12) pcrmit calcl-ations of shock

velocity '"2 and Contoct proessire P for a Given i:mpact velocity

V, provided the respective equationz of state of the two

mediums are 1moin.

On the other hand, by measuring V, the velocity of impact,

u, particle velocity at the interface, and U2, the velocity of

the shock in the impacted mediuia, equations (11) and (12)

contain only two unlonms, & and &2. hence can be uced to

compute an equation of state.

If the impact is between two like materials, then from-

equation ('I0)

u V/ 2
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that is, particle velocity or interface velocity is exactly

one half the velocity of Impact and eqluation (12) becomes

P = 2• (v /2) 2

or

VI (/ i (V / 2)2
(1/ 20)

Now employiiag the condition

1) U U2 = u1 T T (V )U 1

where uI1 is the particle velocity in medium 1 behind the shook

and U1 ic the shock velocity in medium 1, both velocities

relative to unshocked medium 1, that is u= V - a, it can

be shown by oubstitution that

an - Li + 10 o •2 / t20 61) ]
and

v= U1 K 10 E2 / • 20 61 . (13)

16
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mas,:t be !ac(t: Co0) 1411 It,- of ir~u re, aUi continu-t~t of

-article* velocity. Tliu yse1of reflectpei -and trat~c.ittod

ch~oc.:z -,,1AC~h de,.roe1 v after t*.,: 2-hoo,,j_ rca.cho th1. Lnt~rfacv2 12
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incd7ýnce :la~tch ::c-thnd

for deter--nin-r TI,)_a'jonio

2.2a a ';hoc4: .-..vo encountcrc an interface be'twe;en two

dissi:iilir m~aterials, as indicated ia the fiZ-ro, two nev

-vmve3 uilJ be generated, a tr~a.alcrttcd shock: .rve and a reflected

wave . The rclative Intcnc.-ties of' these nei.. iwaves are

Covernec1 by the respective cornprescibilitics and densities

of the -t;wo intoractinv uaterialT. This fact has been uoed

extenicivcly by e::-:criacnta3. inv,..,ti~ators to establish

H',zoniot cu..rves-. (Duvall, 1961; Al'tshuler, Krupnikov and

Zrazhn'Ik, 1058; walsh, Rice, *2c~lueen and Yargerg 1957;

IMC Ueen and '.'arrh, 1060) Miemethod is kno-ern as an impedance

match iiethodl. Mhe b-ascl ~'rt~aI,, to se~arzatc a shock of

bio'.rn or !-ieaourable strený:th in a :iatcrial. whose flugoniot curv-e

Is well establizhIedt Clo~ ie :hoci:, to be reflected at an

Interface botiween the "L:no-.n" material (mediumi I in fimirc)

and the ma~tcrial for hidch tle iiu~oaiot Is~ bcin,- soug-ht

(Ncditt-i 41 in filr:ire), and then ,ucasurc the velocity of tile

tr,,aumitt~d shool., MhI.; procedure Is repeated for shocks

of severa~ stren~thz In order to obtain the points needed

to tracetl f,1ll !'-o'iot airve.

T I'., basis of th,ý !aethod lieo In judicio--c ali'tion

of t~ir con-iervation equtations and app~reciatlon of the

bo,:r.dary conditionc. At the interface$ two bounidary conditions

zo.'at be met: contln.~ity* of pressrire, anin continuity of

narticlo velocity, Thu sZ1steu of' reflectP1 and tranc~ittod

.0cs hc devel onsrafter l,'c choc): rcaches thl.; Ltatrfanu ic

17
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lll'u•r.~td in the fig-re. The nrec'are, qP, at the inter-

face is the trez.'re of tVe t-ran7-ittcA zh-ock and ,.t the

sa:'e t2ixe r ,resents the czi. of the pressuroe. P,, of thl

inclu..t iave and T,' the •re's re of the reflected iave.
The -recz-mro, , )ay be either ozitive or negative, depend-

ins uron the iipedance match between the ttuo aaterinls. The

sitiiation at the interface coa be defined by the point

, u2 ) on a pressire versus particle velocity diagram.

Each shoch of a different strength locates a new point and

the locus of all such feints defines the Hugo~m tIugoniot.

The problem is to locate cach of the (Pt, u,) points. Three

pieces of information are sufficient to establish any one

point such as 1, in the figure: the pre:sureb PI, of the

incident shocl-, the f!ugoniot curve for medi-un I, and the

velocity of .he shock transmitted into medim II. The ?ress,,re,

P,, the HuConiot, and conservation eqiiatlons fix the point J

which has the coordinates YI and Ui• A curve, the reflection

1Uugoniot or cross Ocurve, is drawg through .. This curve is a

ir-4or i-a~e aboait tie point S of the P-u curve or IHugoniot

for medim I, which is acsumod knoi;;, and portrays on the r-a

diagran pocsible states of material I with respect to the

state (P, 1 i). The point i: representing the state (2>,u 2 )

must lie on this cirve. The point 1, must also lie on the line

where 12 is the velocity of the chock transuitted in mediua II.

19
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REFLECTION HUGONIOT

FOR MEDIUM I /HUGONIOT
/C

(I)

FOR MEIUI
-R MPEN ,U0M

Patil Veoct P, u,

20 0

59l
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This relationship follows .:-'im application of the conserva-

tion equations. With and U2 bnth known, the line can

be drawn and Its Intersection with the reflection Hugoniot

locates 1.

One of the best established Hugoniots is that for

24 ST aluminum (Rice, McQueen and Marsh, 1958). A number

of cross curves for this material are given In the

accompanying table.

21
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Pressure versts particle velocity c irves for

24 ST aluminumu"

P Particle velocity

0 1.17 1.66 2.10 2.53 2 3' 3. . G 3
100 QO.L8 1.08 1.78 1.96 2.35 2.75 3.08 3.45 -

150 0.34 0 1.29 1.71 2.10 2.49 2.83 3.19 3.61

200 0.12 0.61 1.06 1.48 1.88 C.26 2.61 ,_.96 3.38

50 - 0.40 0.85 1.2 1.66 2.04 2.39 12T74 13

300 - 0.20 c.65 1.07 LtJ- 1.34 2.20 2.54 :.95

350 - 0.01 0.47 0.88 1.23 16 2ý.1 2.35 2.69
400 - - 0-29 0.70 1.11 1.47 .18 , .51
450 - - 0.1, o..)7 0.)4 1.3x 1.66 " 2.3,4

500 - - - 0.36 C,.77 1.14 1.50 1.34

LoLurce: I c ".c, con ,,nd WOisl, 158
"* flach Lulderlinod nu:aber io a pnrtioie velocity in
for the corresonding shooI- nreor:lrc in Lit.obars. Rcuniningnumber.- in a Civwn colun trace out a-ooclated cross c,-rves.
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fm

• DIRECT
HUGONIOT

400

/
S\ \

m/

.x200
0o

/

0 1.0 2.0 3.0 4.0

Particle Velocity- u
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Calculation of temperatures

associated with passage of shook wave

The temperature behind the shook, TH, is calculated

from the equation

TH To exp •(1 - v1 / vo) 4

expS(VI/vo) v1 {( 1/2) (dP/dv)(vo-v) eP ex (nV/vo)/Ov} dv

VoHUG

where • is Grflneisen's constant given by

- (dP/ dT)v (vo / v)

The integration Is performed numerically along the Hugoniot

curve,

The equation is exact but the variation of Ov and

( •P / D T) with volume is not known. In most calculations

these are acaumed constant, When the Debyc temperature is

low, as it is for alkali halides, the as-umption of constant

specific heat, Cv, is reasonable.

The oalculation of the recidual or final temperature, TA,

after passage of the shook is made utilizing the relationship

TA= TH exp (3P/aT)v (I/Cv) (VH'V)= T1 exri(VH/VO) -(V/vo)1

where T,, and vHj are the knoi..,n conditions at any point, takea here
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as the Hugoniot point. To fix the fivnal temperature and

Volume, the bioim relatiop.

(V - v) =Vo(( TO)Po

along the P =0 isobar is used. Here To and vo, refer to

the temperature and speciflo volume and A( is an aver'ageI

value of the thermal ooeffioient of volume expansion.

Source: Walsh and Christians 1955
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Tinpirlcal equations

:I'-ch of the H-ugonlot data can be stimnarized in

the forra of empirical equations and several of the

investigators have done this. The equations w;hich they

give 'are extremely aseflal in -akiLg thermodynamic

computations. 2oae, sach as the analytical form used

by the Ios Alalos Lroup (Rice, :Tc .-een and Walsh, 1958)

are rarticularly adaptable to computer calculations.

Others (Uagner, Waldorf and Iule, 1960; Al'tshuler,

lKrupnlhov and trazhnil:, 1958) have a more theoretical

basis, their derivation depending upon the cjpirical

linear relationship betwreen shoc: velocity and particle

velocity.

A number of these empirical relationships plus

appropriate constants are given on the following pages.
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,npirical equ'ation

Al unium•

Relationship: Pressure vor2'xo vol'ine change

Material: 6061-T6 aluminutm

5ource: Limdergan, 1961a

Equation:

P = 1046.8 1i - (v vo)/ kilobar- P < 6.3

I1 = 795.5 - 794.0 (v / vo) kilobars 6.3 < P < 31

Relationship: Pressure as fmction of free surface velocity

Material: 24 ST aluminum

Source: Walsh and Rice, 1957

Equation:

U = 5.1,90 + 20.77 loo10 F (u4ft + 10.895) / 10.S95

iftere ufs is free su.trface velocity. Velocities are in kilometers

per second. Equation is applicable in pressure rance

30 to 500 kilobars.

2
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hapirioal equation

Metals

Relationship: Pressure versus volume ohangje

Materials: Several metals and Lucite

Sources: Rice, MoQueen and Walsh i 1958; Walsh, Rice, McQueen

and Yarger, 1957

Equation: Analytical fits of Hugoniot curves having form

P =At + 2A +

ithere = ( )- I and A, B, and 0 are constants. Actually

this is a two parameter fit of data since the ratio IVA is

determined by theory.

Table: Values of constants. Pressure range in which fit has been
made is up to about 500 kilobars.

Metal A B 0

Be]it•.iu 1182 1382 0

Oadmium 479 1087 2829

Chromium 2070 2236 7029

Cobalt 1954 3889 1728

Copper 1407 2871 2335

Gold 1727 5267 0

Lead 417 1159 1010

Magnesium 370 540 186

Molybdenum 2686 4243 733

Ni okel 1963 3750 0

Silver 1088 2687 2520

28
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T-ble: continued

Netal A B C

ThoriL--M 572 646 855

Tin 432 878 1935

Titanium 990 1168 1246

"Zinc 662 1577 1242

24 ST aluminum 765 1659 428

Brass 1037 2177 3275

Indium 496 1163 0

Niobium 1658 2786 0

lalladium 1744 3801 15230

Platinumn 2760 7260 0

Rhodium 2842 6452 0

Tantalumn 1790 3023 0

Thallium 317 938 1485

Zirooniun 934 720 0

IAIoIte 83 163 322

29
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Empirical equation

..e tal s

Relationship: Pressure verseis volir-e chanCe

IMaterials: Several metals

Source: Al'tshuler, Xrupnikov and Brazhni:-, 1958

Equation:

1 = a2 (vo - v) / (b- )2v2 b / (b- 1) Vo vj 2

where a and b are constants in relationship

U a + bu

between shock velocity U and particle velocity u. Fquation is

applicable in range 300 to 3000 kilobars

Table: Values of constants

1:aterial a b
(m/•sec) gc

Copper 3.90 4j.46 6.91
Zino 3.20 1.45 7.1
Silver 3.30 I.54 10.49
Cadmium 2.65 1.48 8.64

Gold 3.15 1.47 19.30
Lead 2.30 1.27 11.34
Filw .th 2.00 1.34 9.80
Iron 3.80 1.58 7.80

30 II
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ILhpIrloal equation

Plastics

Relationship: Pressure versus density change

Materials: Plastics and plastic composites

Source: Wagner, Waldorf and Louie, 1962

Equation:

P = A ('-I) / (i .)2 kilobars

i-ihere o/ , and A and K are constan'ts given in table.

Table: Values of constants

Materalc A I Pressure
range

(Ikilobars)

Ohopped Nylon Phenolic 59.1 2.24 39-274
Series 124 Reoin 46.3 1.96 4 -147
Avcoat 56.1 2.29 1 - 150
AVOO Phenolic Flbergilas 2,530 7.44 0-180

Tape Wound Iylon Phenolic 1.020 3.38 20-86
GE Phenolic Piberglass 60,200 13.0 28-m11
Oblique Tape Wound refrasil 322,000 94.6 20-84
RAX 58B 184 -2.17 5-46

"Avoolte 33.6 i.4o 34-118
Pyrolytic Graphite 40.8 1.40 r,0-470
Kel-F 170.2 2.65 32-97
Polyethylene 11.9 1.73 2-65

Nylon 154 2.60 4-80
Plexiglas 217 2.80 17-160
Polystyrene 2J0 2.66 4-59
Tiaflon 45. 1 2.08 10-76
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Empirical equation

Rocks

Relationship: Pressure versus volume change

Materials: Tuff, sand, and shale

Source: Anderson, Fisher, IIcDowell and Weidermann, 1963.

Data taken from Lombard, 1961

Equation:

I I0 [(L ')fl mi - (v0/ v)]

where C9/A , and n are constants, values of which are given in

table below; vo is specific volume of zero pressure; and v is

the volume of the same mass at pressure P.

Table: Values of constants

Material n C vo Approx. pressure range
(kb) of original data

(kilobars)

Tuff, Wet Volcanic 4 2 260 0.535 53-270
TUff, Dry Volcanic 4 4 26 0.588 31-202
Sand (wet) 4 2 317 0.523 90-26
Oil shale (wet) 4 2 180 0.663 110-164
Oil shale %dry) 4 2 400 0.607 100-300
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ýým-pirica1 eq~iation

Granite

Relationship: Pressuire versus volame changeI

Source: Lomabard and Ade1nant 1961

Equation:

P 194 (,a v/vo)[ 1 1.42 (1v/v.)]2 kciobars

200 < p < 900

where ~v v -v 0
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2bipirical. equaation

i'arble

Re13tionzhii,: Prossure versize denjsity chance

I.aterial: ::arblc, lig t Cray with an initial dencity of

.70 em/ cc

Source: flremiJn and Adadnrov, 1059

ýquations:

P = 412_6 K0 ~~ 7.23 _ I J kilobars O(I'(147

and

r = 106 Lc )4.1 _ l I ilobar-i 156(<P(<500

Phaise chanre occurs between 147 and 156 kilobars

34I
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Sumary of data and calculations

for metals at 3,500 kilobars

2Netal Relative Gram atomic Ratio of gram
compression volume atomic volume
at 3,500 kb at zero pressure

zero 3,500 kb to gram atomic
pressure volume at 3,500 kb

Iron 1.67 7.12 4.26 1.7
Copper 1.70 7.11 4.18 1.7
"Zinc 1.89 9.16 4.84 1.9
Silver 1.71 10.28 6.01 1.7
Cadmi=m 1.93 13.01 6.72 1.9

Tin 2.16 16.30 7. 2.2
Gold 1.59 10.22 63 1.6
Lead 2.21 18.27 8.25 2.2
Bismuth 2.27 21.32 9.39 2.3

Metal Shock veloolty Ratio of shook
mm/ see velooity at

3,500 kb to shook
zero 3,500 kb velocity at zero
pressure pressure

Iron 4.63 10.53 2.3
Copper 31,95 9.75 2.5
Zinc 2.92 10.19 3.5
Silver 3.08 8.96 2.9
Cadmium 2.34 9.15 3.9

Tin 2.64 9.44 3.6
Gold 2.98 6.99 2.4
Lead 1.91 7.5 3.9
Bismuth 1.85 7.99 4.3

Source: Al1 tshuler, Krupnilov and Brazhnik, 1958

35
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CONSTANTS aELLTING SHOOK VELOCITY, U, TO

PARTICLE VELOOCITY, u, IN LINEAR RELATIONSHIP

U= a+ bu

Material a b Pressure Reference
(mm/ALsec) range

(kilobars)

Alluvium, Dry Desert 1.80 1.11 38-351 (0)

Alluviuten, Nevada 1.3 1.35 39-502 (2)

Aluminum, 24 ST 5.30 1.43 42-209 (3)

Aluminum, 2S 5.26 0.70 141-333 (4)

Andesite 4.08 1.54 42-115 (5)

Antimony 2.06 1.61 248-1175 (6)

Aveoat 1.75 1.78 14-15o (7)
Avcoite 3.01 5.53 34-118 (7)

Baalt 5.24 -0.39 4o-234 (1);(5)
2.58 1.64 234-769

Beryllium 7.98 i.09 142-283 (8);(9)

Bismuth 2.12 1.31 185-46 (8);(1o)
1.26 2.00 446-3450

Brass 3.47 1.69 221-473 (8)

Cadmium 2.44 1.67 228-3490 (6);(8);(10)

Chromium 5.22 1.47 235-1379 (6)1;(8)

Cobalt 4.75 1.33 244-1603 (5); (8)

"Copper 3.99 1.50 216-3800 (6);(8);(10)

Dolomite 6.64 0.47 223-417 (5)

Gold 3.11 1.50 273-5130 (6);(8);(I0)

Granite 5.41 0.18 68-337 (5);(11);(12)
2.61 1.41 337-884

Granite, Shoal 4.30 0.87 160-285 (I)
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Material a b Pressure Reference
(mm/see) range(kilobars)

Graphite, Pyrolytic 2:.80 4.66 50-85 7)

4.75 1.72 85-116 7)
4.06 1.76 30-470 134.31 1 .69 100-300 14

Halides: (5);(15)
Cesium Bromii• 2.10 1.36 146-328
(single crystal)
Cesium Chloride 2.14 1.50 60-318

Cesium Iodide 1.80 1.38 140-324
(single crystal)
Lithium Bromide 2.80 1.27 136-300

L4 hAnM Chloride 4.15 1.25 121-263

Lithium Fluoride 5.00 1.50 155-328

Lithium Iodide 2.89 0.89 205-320

Potassium Bromide 1.50 175 112-264

Potasslum Chloride 1.92 1.75 40- 229

Potassium Fluoride 2.44 1.60 117-266

Potassium Iodide 1.55 1.50 110-278

Subidium Bromlle 1.52 1.55 112-286

Rubidium Chlcride 1.52 1.63 109-268

Rubidium Iodide 1.33 1.50 117-279

Sodium Bromide 2.59 1.33 58-305

Sodium Chloride 3.60 1.27 52-882
(rock salt; single
crystal)

Sodium Iodide 2.15 1.38 134-312

Indium 4.85 1.17 213-405 (8)

Iron 3.8 1.58 358-4000 (8);(10)

SKel-P 1.73 1.61 32-97 (7)
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U=a+bu

laterial a b Pressure Reference
(nxm/,esec) range

(kilobars)

Lead 2.03 1.52 203-1383 6)(8
2.30 1.27 390-3700 (101

idmestone 1.30 3.33 53-130 (5)
3.92 0.95 130-420 5
1.11 2.07 420-817 5)

Liquids, (16)

Aoetoni !-88 1.39 46-106

Benzene I.88 1.53 52-121

Bromoethane 1.94 1.37 68-157

Carboi Disulfide 2.02 0.95 59-130

Carbon Tetrachl',ride 1.56 1.47 74-171

Ethyl Ether 1.65 1.47 42-96

Ethyl Almhol 1.68 1.38 47-110

Glycerine 2.41 1.63 76-169

Hexane 1.87 1.42 42-96

HIeroury 1.58 1.96 226-463

M1ethanol 1.73 1.50 47-110

Mononitrotoluene 2.17 1.50 66-152

N-Amyl Alcohol 1.98 1.55 51-115

Toluene 1.72 1.66 52-122

Water 2,20 1.33 32-419

Magnesiuim 4.49 1.27 116 (8);(9)

Marble (dark) 1.66 4.00 156-296 (5)
6.36 0.65 296-468

1Narble (light) 5.41 1.38 171-297 (5)
6.63 0.53 297-418

hLarble (USSR) 3.43 2.00 49-146 (17)
4.03 1.31 146-529

30



NOTS TP 3798

U~ a + b u

Ilaterial a b Pressure Referencc
(mm/c.•ec) range

(kilobars)

Molybdenum 5.16 1.24 254-1633 (6);(8)

Nickel 4.65 1.45 235-1490 (6);(8)

Niobium 4.45 1.21 245-4832 (8);(9)

Nylon 2.29 1.63 5-80 (7)

Oil-Sand 2.98 1.17 98-634 (5)

Oil-Shale (dry)
High grade .15 1.38 96-219 (5)
Medium grade1.23 1.01 119-279
Low grade 3.55 1.43 117-286

Oil-Shale (wet) 3.34 0.68 110-164 (5)

Palladium 3.76 1.99 263-531 (8)

Phenolic, AVCO Phenolic 2.29 0.37 50-180 (7)
Fiberglass 1.31 2.00 0-50

Phenolic, G E Phenolic 3.27 1.06 28-111 (7)
Fiberglass

Phenollo, Chopped 1.80 1.81 D9-274 (7)
Nylon 1henollo

Phenollo, Tape Wound 3.17 1.35 20-86 (7)
Nylon Phenolic

Platinum 3.67 1.41 295-868 (8);(9)

Playa 0.49 2.00 40-87 (1)
2.50 0.76 87-271

Plexiglas 2.38 1.56 17-160 (7)

Polyethylene 1.57 2.38 2-65 (7)

Polystyrene 2.82 1.60 4-59 (7)

fUD 58B 1.20 0.69 546 (7)

Refrasil, Oblique 2.45 1.01 20-84 (7)
Tape Noiuxd

Resins, Series 124 2.02 2.04 45-147 (7)
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U=a+bu

Material a b Pressure Reference
(mm//asec) range

(kilobars)

Rhodium 4.68 1.65 278-551 (8);(9)

Sand, Dry Silica Is not a 58-153 (1)
(porosity 22%) straight

line.
Sand, Dry Silica 75-197 (1)
(porosity 41%) See

supple-
Sand, Water Saturated mentary 90-216 (1)
(porosity 41%) curves.

Silver 3.27 1.54 216-4010 (6);(8);(10)

Steel, Low Carbon indeterminable 121-305 (3)

Taconite (5)
Iron 3.58 1.18 126-1140
Rock 2.80 1.16 74-679

Tantalum 3.13 1.56 272-547 (8)

Teflon 1.34 1.93 10-76 (7)

Thallium 1.86 1.52 213-1517 (6);(8)

Thorium 2.13 1.28 203-1405 (6);(8)

Tin 2.66 1.47 175-3100 (6);(8);(io)

Titanium 4.78 1.09 163-1060 (6);(8)

Tuff, Dry Volcanic 0.60 0.52 31-82 (1);(5)
2.28 0.38 82-292

Tuff, Wet Volcanic 2.21 1.38 53-188 (1);(5)
4.13 0.50 188-270

Tungsten 4.01 1.27 395-2074 (6)

Vanadium 5.11 1.21 204-124i (6)

""Inc 3.71 1.45 186-3260 (6);(8);(10)

Zirconiam 3.95 0.78 208-407 (8)
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TABLES AND GRAPHS

Shook velocity, particle velocity,

pressure, relative volume, and temperature
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J'2' DR~Y DESERT ALL',VIUM1*

Shook Particle Pressure Relative
VolumeVelocity velocity (ioas

(mmýs&sec) (mmo~sec) Uoas

2.66 1.00 38 0.624
2.90 0.97 44 o.666

~.i1.58 83 0.537
3.65 1.57 86 0.570
3.70 1.52 96 0.589

4.35 2.45 156 0.437
4.36 2.39 171 0.462
5.25 3.27 237 0.377
5.89 3.37 351 0.428

0=1.38 - 1.77

Source: Bass, Hawk and Chabai (1963)

*Nevada Test Site Area 3

IfI

43



NOTS TP 3798

6

~E4

0

(0 p

0 100 200 300 400

Pressure--Kilobors

0400

200
00

0
0.4 0.6 0.8 1.0

Relative Volume V/Vo

r

5 DESERT DRY ALLUVIUM

I 44

} ~.1



NOTS TP 3798

NEVADA ALLUVIUM

Shook Particle Pressure Relative
Velocity Velocity Volume
(m//aec) (mm=/seo) (kilobars)

Fine particles

2.363 1.74 39.1 0.545
2.892 I.W 59.7 0.537
3.656 1.770 99.7 0.516

4.47 2,737 188.4 0.388
6.274 3.815 368.6 0,392
7.042 4.068 441.1 k.422

ýo = 1.54

Ooarse particles

2.553 1.026 47.1 0598
3.131 1,274 71.8 0,593
3,882 1,678 117.2 0.568

4.597 2,6t3 216.0 0,432
6.300 3.651 414.0 0,420
7o226 3o859 501.7 o,466

1.8

source: !4oQuerin and M!arsh (1961)
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NOTS TP 3798

24ST ALUMINUMI

Shock Particle Pressure Relative
Velocity Velocity Volume
(mm//Asee) (mm//sec) (kilobars)

5.70 0.266 42.27 0.953
"5.72 0.291 46.41 0.99

5.78 0.317 51.04 0.945
5.81 0.341 52.32 0.941
5.86 o.368 60.12 0.937

5.91 0.393 64.75 0.934
5.94 0.423 70.05 0.929
6.00 0.455 76.11 0.924

6.06 0.492 83.21 0.919
6.12 0.531 90.77 0.913

6.17 0.582 100.1 0.906

6.30 0.667 117.2 0.894
6.36 0.781 138.6 0.877
6.43 1.267 209.3 0.818

2.785

Source: Katz, Doran and Ourran (1959)
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NOTS TP 3798

24ST ALUMIINM

Shook Particle Pressure Relative
Velocity Velocity Volume
(mm//Lsec) (mm/ 1 usec) (kilobars)

6.125 0.571 100 0.9043
6.305 0.712 125 0.8873
6.475 0.831 150 0.8716
6.640 0.947 175 0.8573
6.793 1.057 200 0.8441

6.940 1.165 225 0.8322
7.082 1.267 250 0.8210
7.220 1.368 275 0.8104
7.350 1.465 300 0.8008
7.476 I.561 325 0.7912

7.598 1.654 350 0.7824
7.718 1.744 375 0.7740
7.836 1.832 400 0.7661
7.950 1.920 425 0.7585
8.062 2.003 450 0.7513

8.171 2.082 475 0.7445
8.276 2. 170 500 0.7380

2.785
Source: Walsh, Rice, ,11cZueen and Yarger (1957)

Note: The data presented above is not experimental data, but
it is calculated from a great wealth of data run on 24ST
aluminum, and is probably the most accurate data available.
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24ST ALUMINUM

Shock Particle Pressure Relative
Velocity Velocity Volumc
"(mm//tsec) (mm//,isec) (]kilobars)

6.28 0.765 133.9 0.878
6.32 0.761 134.I 0.880
6.34 0.775 136.8 0.878
6.86 1.140 218.0 0.834
7.12 1.304 258.6 0.817

7.12 1.276 253.2 0.821
7.14 i.282 254.9 0.820
7.27 1.396 282.9 0.808
7.26 1.427 288.7 0.804
7.41 1.546 318.9 0.791

7.47 1.570 326.6 0.790
7,46 1.556 323.3 0.791

328.4 0.789
7.52 1.625 340.2 0.784
7.53 1.646 347.0 0.780

= 2.785

Source: Walsh and Christian (1955)

2 S ALUMINUM

Shock larticle Pressure Relative
Velocity Velcclty Volume
(tM//isec) 1.z1~SO (kilobara)

6.42 1.627 141.3 0.873
6.94 2-355 221.3 0.830
7.44 2.931 295.0 0.803
7.58 3.250 333.3 0.786

= 2.706

Source: Walsh and Christian (1955)
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ANDESITE*

Shock Particle Pressure Relative
Velocity Velocity Volume
(mm//osec) (nm//usec) (kilobars)

2.70 0.51 42 0.815
5.038 0.619 83 0.877
5.344 0.82 115 o.846

= 2.64

Source: Lombard (1961)

* Quarried In Marin County, California
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NOTS TP 3798

ANI TI:IONY

Shock Particle Pr s are Relative
Velocity Velocity Volume
(Mmrl~sec) (mm~usec) (kilobars)

3.61 1.03 248 0.716
3.59 1.03 248 0.713
3.63 1.02 249 0.720
4.30 1.39 400 0.678
4.33 1.38 401 0.681

"5.12 1.96 673 0.617
5.06 1.88 637 0.629
5.64 C.19 828 0.611
5.72 2.19 838 0.618
5.71 2.20 843 0.614

6.31 2.70 1142 0.572
6.34 2.73 1158 0.569
6.43 Z.73 1175 0.576

=O 6.6

Source: I1cQueen and Marsh )1960)
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Tum~perattures associated with 
shock NT P39

Antimiony

Pressure Tempe~rature Resid,,al
(ikilobars) behind shock temp'erat.-,re

'C0) (0)0)

0 20
250 577
500 1827

1250 12827

Source: llc'Quecn and Miarsh, 1960
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NOTS TP 3798

AVCOAT

Shocok Particle Pressure Relative
Velocity Velocity Volume
(m/mpsec) (mmý sec) (kilobars)

2.59 0.477 13.6 0.816
2.83 o.604 19.1 0.784
3.39 0.954 35.6 0.7194.48 i.46 o.6745.82 2.33 149.0 0.600

ýo = 1.10

Source: Wagner, Waldorf and Louie (1962)

AVCOITE

Shock Particle Pressure Relative
Velocity Velocity Volume
( mn//sec) (mm//Asec) (kilobars)

4.15 0.345 33.9 0.916
4.64 0.434 47.7 0.906
5.38 0.667 85.0 0.876
5.9r 0.841 118.0 0.858

o = 2.37

Source: Wagner, Waldorf and Loule (1962)
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NOTS TP 3798

BASALT*

Shook Particle Fressure Relative
Velocity Velocity Volume

24 0.29 40
.85 1.02 127 0.840

6.80 2.58 468 0.621
6.85 2.57 470 0.625

o =2.67

Source: Bass, Hawk and Chabal (1963)

* Buckboard hole no. 3, 36 ft, 40-.mIle Canyon, Nevada Test
Site

BASALT+

Shock Iarticle Pressure Relative
Velocity Velocity Volume
(mmusec) (mm//se) (kilobars)

4.867 0.794 103 0.837
5.24 1.63 234 0.689
7.97 3.29 684 0.578
8.588 3.71 769 0.524

o =2.67

Source: Lombard (1961)

+e Nevada Test Site, Area 18. The Hugoniot elastic limit
40 kb and elastic pr3cursor velocity 5.24 mm/mseo
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NOTS TP 3798

BERYLLI M

Shock Particle Pressure RelativE

Velocity Velocity Volume
(mm see) (mm//Rsec) (kilobars)

894085142.6 0.9032
8.934 0.865 141.3 0.9063
9.044 o.847 113og6
9.112 1.189 199.9 0.8659
9.332 1.221 210.2 0.8692

9.633 1.592 282.9 0.8347
9.332 1.609 291.9 0.8364
9.851 1.730 314.4 0.8244

1.845

Source: Walsh# Rice, Mowueen and Yarger (1957)
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Tem-,eratures associated with shoc::

Berylliun

Pressure re=eperature Residual
(kilobarc) behind shock te:'m:erature

( CO) (co)

0 20
100 50
150 70
200 97

250 127
300 168
350 213

SoLtrce: Rice, "cý'Qeen and ;falsh, 1)53
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NOTS TP 3798

BISMUTH

*Sh~ook Particle Pressure Relative
Velocity Velocity Volume
(mmi'sec) (m 'isec) (kilobars)

2.696 0.718 189.5 0.7337
2.850.676 1110.7385

3.075 0.914 275.2 0,7028

3.084 0,922 278.4 0.7010
3.682 1.212 436.9 0.6708
3. 659 1.122 437.7 0.6660

0=9.80

Source: Walsh, Ricep McQueen and Yarger (1957)

BISMUTH

Shock Particle Pressure Relative
Velocity Velocity Volume

(mmtse) (m/gsec) (kilobers)

3.37 1.05 .350 0,690
6.36 2.47 1301D 0.539
7.94 4.45 3450 0.439

Source: Al'Tshulart Krupnikov and Dzazhnik (1958)
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BISMUTH

Shock Particle Pressure Relative
Velocity Velocity Volume
(mm/,^sec) (mm/Lwec) (kilobars)

3.67 1.23 444 0.665
3.64 1.23 443 0.661
4.44 1.80 786 0.596
4.42 1.79 781 0.594
4.46 1.79 787 0.599

4.75 1.97 923 0.585
4.66 2.06 945 0.558
4.73 2.00 931 0.577
5.33 2.47 1299 0.536
5.36 2.47 1303 0.540

5.51 2.51 1360 0.5455.49 2.48 1344 0.5485.49 2.47 1335 0.551

= 9.80

Source: 1.:o.ueen and Marsh (1960)
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Tcmp~eraturec- associa!ted i.-th sIhoc1:

.11r e z s:ie Temiperature Resid -.-
(I.ilobarzc) behind shock terinerature

(CO) (O

0 20
50025124

750 6027
1000 10627

C-50 16327
11500 22827

So~rc:l:c.,.,ee and Marsh, 1960

L
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NOTS TP 3798

BRASS

Shock rarticle Pressure Relative
Velocity Vclocity Volume
(m n/rsec) (mm/,sec) (kilobars)

4.446 0.590 220,7 0.8673
4.440 0.571 C.13.3 0.8714
4.731 0.791 314.- 0.8328

4.726 0.770 306.? 0.8371
5.236 1.085 478.0 0.7928
5.220 1.077 473.0 0.7937

8.6

Source: Walsh, Rice, '.c-ueen and Yarger (1957)
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BRASS

Cu/Zn/Pb/Fe ; 6!.5/36.0/2.5/1.405

Shock Particle Pressure Relative
Velocity Velocity Volume(mm/O 7e 0) (mm/•sec) (kilobars:)

4.38 0.45 167 0.8974.41 0.45 168 0.898
4.50 0.50 192 0.8884.51 0.50 191 0.8894.54 0.56 214 0.877

4.56 0.59 229 0.869
4.77 0.70 282 0.853
4.79 0.70 284 0.853
5.10 0.91 391 0.822
5.14 0.90 389 0.826

5.15 0.96 415 0.814
5.15 0.91 394 0.824
5.17 0.94 411 0.819
5.19 0.94 412 0.819
6.22 1.72 906 0.723
6.29 1.78 947 0.717
6.39 1.82 985 0.715
6.59 1.99 110 0.6986.92 2.24 1,308 0.6776.97 2.28 1342 0.673

7.04 2.26 1348 0.679
7.05 2.29 1365 0.675
7.17 2.A 1420 0.674

7.54 2.66 1694 0.648
7.57 2.66 1702 0.649
7.77 2.69 1764 0.654

0o= 8.6

Source: MoQueen and Mlarsh (1960)
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STenemiperatures associated vith shoeo

Errtcs

resc zre Te:..rcrature Residual
(o " ( oobehind shocs : tenmrerature

0 20
100 89
150 1.29
200 175
250 3 _5

300 )05r
350 382
4oo 467
450 557
500 651

Z3o'rcc: RioD, :cien c~nd 'talsh, 1958

82

S~82



____ ___ ___ ___ ___ ___ ___ ___ ___ ___NOTS TP 3798

600

01

30

o~383



NOTS TP 3798

CADM~IUM

Shock Particle Pressure Relative
Velocity Velocity Volume
(mm~tsec) (mm/,sec) (kilobars)

5.66 1.96 957 0.654
5.78 1.96 976 o.662
5.77 1.96 980 0.663
5.77 1.97 982 0.558
6.45 1.98 986 0.657

6.48 2.4o 1339 0.628
6.48 2.40 1345 0.629
6.39 2.43 1339 0.620
6.43 2.43 1351 0.622

= 8.64

Source: Xo.ueen and Marsh (1960)

..

CADMIUMI

Shock Particle Pressure Relative
Velocity Velocity Volume
(mmo2,sec) (mmwse o (kilobars)

3.599 0.690 214.5 0.8083
3.421 0.619 182.9 0.8191
3.9 1 0.850 287.6 0.7830
4.45 1i.190 457.3 0.7326
4.324 1.120 418.2 0.7410

8.64

Source: Walsh, Rice, McQueen and Yarger (1957)
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CANUTU
Shookc Particle Pressure Relative

Velocity Velocity Volume
(mm/,ksec) (mm/usec) (kilobars)

4.10 1.02 360 0.751
6.32 2.44 1330 0.612
9.14 4.42 4390 0.515

=8.64

Source: Al'tshuler, Krupnikov and Brazkmli'" (1958)
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NOTS TP 3798

Temperatures associated with shook

Cadmium

Pressure Temperature Residial
(kilobars) behind shock temperature

S(co) (00)
0 20 20100 o61 55

200 r0, 157
300 722 287
4oo 980 321
500 1339 377
600 1974 533
700 2:710 687
800 3535 836
900 4431 979

1000 5333 1117
110C 6379 -

7403 -
1300 8453 -
14oo 9503 -

Zouroe: MlcQueen and Marsh, 1960
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NOTS T1 3798 -

CHROMIUM

Shock Particle Pressure Relative
Velocity Velocity Volume
(=mipec) (mm.,/sec) (kilobars)

7.63 1.71 924 0.777
7.59 1.71 922 0.775
8.44 2.25 1347 0.734
8.57 2.27 1382 0.735
8.63 2.25 1379 0.739

=7.10

Source: Meueen and Marsh (1960)

CHROMIUM

Shock Particle Pressure Relative
Velocity Velocity Volume
(mm//A3ec) (=/O asec) (kilobars)

6.043 0.5448 23415 0.9098
5.923 0.5395 233 0.9089
6.381 0.7436 338 0.8835
6.370 0.-(449 338 0.8831

6.355 0.7a07 336 0.8834
6.357 0.7403 336 0.8835
6.660 1.007 478 0.8488
6.674 1.008 479 0.8490

7.13

Source: Walsh, Rice, McQueen and Yarger (1957)
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NOTS TP 3798

Tem:.eraturCs associated with shock

C hro i-.1

1Tressure Ten.erature Residual
(kiloba.rs) behind shock temperature

W, (Co) (CO)
If, 20S0 20 20

I00 41 23
200 73 39

S300 123 71
400 194 119

500 285 182
600 396 258
700 523 345
800 666 439
900 820 539

1000 983 643
1100 1151 746
1200 1319 846
1300 0482 9038
1400 1641 1024

Source: !*Io:ueen and 1.iarsh, 1960
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NOTS TP 3798

COBALT

Shook Particle Pressure Relative
Velocity Velocity Volume
(mm//4sec) (_n,asec) (kilobars)

7.15 1.79 1121 0.750
7.15 1.8o 1137 0.748
7.12 1.83 1148 0.743
7.50 2.06 1362 0.726

7.45 2.07 1358 0.723
7.43 2.07 1357 0.721
7.81 2.30 1584 0.706
7.79 2.30 1581 0.705

7.77 2.30 1577 0.703
7.88 2.31 1603 0.707
7.83 2.12- 1603 0.703

8.82

Source: McQueen and Marsh (1960)

OOBALT

Shook Particle Pressure Relative
Velocity Velocity Volume
(mm, IAMsec) (mia Isec) (kilobars)

5.445 0.502 241.1 0.9078
5.696 0.683 343.2 0.8801
5.632 0.653 24.4 0.8841
6.019 0.901 478.1 0.8503
6.052 0.905 309.8 0.8422

ýo = 8.82

Source: Walsh, Rice, Mcueen and Yarger (1957)

93



HOTS TP 3798______________ _____

E
EE 6

Pre ssure-Kitobar s
o 1800

(I)
0

1400-

1• 1000
00

U) 0o

(L 200

L

0.17 0.8 0.9 1.0

Relative Volume V/ V0I COBALT
94 *



NOTS TP 3798
c-rnTempercture v.,ociated .-ith zhoch:

Cobalt

.I.ressure sTez-orat..re Re si dual
(:iAlobars) behind shock tenaper~ture

(a0 20 (O
100 42 23 I
200 81 34

300 127 5840o i9-0O 94

500 270 141
600 363 198

700 1181 262
800 609 331
900 749 404

1000 900 480
1100 1059 5571,2-00 2 23 6351300 1396 711

i4oc 1571 786

1 ,500 1748 860
100 1926 930

3Soirce: ;!4,.ioen and MIarch, 1960
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NOTS TP 3798

C0PPEIR

Shock Particle Pressure Relattve
Velocity Velocity Volume
(mmfrzec) (=mm~~ec) (kilobars)

6.33 1.57 883 0.752
6.23 1.58 875 0.746

..26 1•57 877 0.749

7.26 2.20 1424 0.697
7.29 2.2I 1430 0.698
7.32 2.22 1444 0.697

8.90

Source: Mc~ueen and ",arsh (1960)

C01FFER

Shook Farticle Pressure Relative
Velocity Velocity Volume
(Mm/sec) (mm/4ee) (.ilobars)

4.744 0.511 215.8 0.8923
4.768 0.570 241.9 0.8804
5.070 0.711 320.8 0.8598
5.015 o.7.31 326.3 0.8542
5.508 1.)3e 505.9 0.8126

0 = 8.90

S5ource: Walsh, Rice, '.:c een and Yaiger (1957)
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COPPER

Shock Particle Pressure Relative
Velocity Velocity Volume
(nmm/us eec) (m3//13e C (kilobars)

5.36 0.94 450 0.826
7.13 2.29 1460 0.681

i0.16 4.i9 3800 0.588

8.93

Source: Al'tshuler, Krupnikov and Brazhnilk (1958)

COPPER

Shock Particle Pressure Relative
Velocity Velocity Volume
(=,m/ 'tsec) (mnEi4ec) (kilobars)

4.556 0.460 186.6 0.899

4. 50).460 185.1 0.898
0.547 232.1 0.8853

4.769 0.550 233.4 0.8847
4.94 0.672 295.3 0.864

4.913 0.684 299.0 0.861
5.258 0.823 356.1 0.848
5.128 0.780 385.0 0.844
5.240 0.835 389.5 0.84i
5.;-5 0.855 402.3 0.838

5.391 0.964 462.0 0.821
5.397 0.969 465.4 0.821

8 .903

Source: Waleb nond Christian (1955)
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NOTS TP 3798

Temperatures associated ,ith 3hocl.

Copper

Pressure Temperatture Residual
(U:lobars) behind shock temperature

(00) (00)

0 20 20
100 61 25
200 118 46
300 199 87
400 309 144

500 446 214
600 608 295
700 795 333Soo 1004 478900 1233 576

1000 1482 677
1100 1747 780
1200 2028 883
1300 2323 984
1400 2629 1083
1500 2769 1083

Source: ic! ueen and Ilarsh, 1960
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NOTS TP 3798

DOLOMITE*

Shock Particle Pressure Relative
Velocity Velocity Volume
(mm/&3ec) (mm/=3ec) (kilobars)

7.14 1.10 223 0.846
7.546 1.935 417 0.7436

0 = Z.84

Source: Lombard (1961)

* from surface, Nevada Test Site 12
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NOTS TP 3798

GOLD

Shock Particle Pressure Relative
Velocity Velocity Volume
(mm/,usee) (mm//sec) (kilobars)

3.679 0.380 269.0 0.3967
3.864 0.505 375.4 0.8693
4.130 0.666 529.2 0.8389

S= 19.24

Source: Walsh, Rice, McQueen and Yarger (1957)

GOLD

Shock Particle Pressure Relative
Velocity Velocity Volume
(mmO• sec) (m/m•vec) (kilobars)

4.27 0.71 590 0.834
5.70 1.78 1950 C.690
8.06 3.30 5130 0.592

0

Source: Alltshuler, Krupnikov and Brazhnik (1958)

GOLD

Shock Particle Pressure Relative
Velocity Velocity Volume
(mm•f/ec) (mmn/sec) (kilobars)

5.25 1 J7 87 0.739
5.21 1.O 1410 0.730
5.80 1.73 1932 0.702

5.78 1.74 1931 0.700
5.78 1.74 IO 0.699
5.79 1.74 0.699

o 19.24

Source: MoQueen and Marsh (1960)S104
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NOTS TP 3798

Temperatures associated vith shock

Gold

iLressure Temperatures Rezidualf(,:Clobars) behind shock teuperature
(CO) (00)

0 20 20
100 74 24
200 146 44

Ir 300 246 82
A00 378 136

500 543 201
60o 741 277
700 970 359
800 1230 447
900 1518 539

1000 1834 632
1100 2175 727
1200 2539 821
1300 2926 915
1400 3334 1007

1500 3693 lO63
1600 3951 1063
1700 4216 1063
1300 4487 1063
1900 4764 1063
2000 5257 1131

Source: Mc~ueen and i:arsh, 1960
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NOTS TP 3798 -

GRANITE

Shock Particle Pressure Relative
Velocity Velocity Volume
(mm//ýseo) (mm//aeo) (kilobars)

5.383 0.485 0.068 0.915 (1'
5.37 1.31 0.182 0.756 (0S
5.825 2.220 0.337 0.6189(1 )
5.71 0.490 0.0743 0.914 (2)
5.58 0.822 0.123 0.853 (2)

5.48 0.96u 0.143 0.826 3
5. 506 1.15 o.148 0.791
5.658 1.63 0.246 4
5.64 1.625 0.247 0.712
5.61 1.715 0.2565 0.693

6.31 2.6% 0.446 0.584 (!)
7.64 3.35 0.680 0.558
8.27 4.00 0.884 0.516

ýO =2.61

Source: Lombard (1961)

(1) Pink quartz monzonite, surface, Nevada Test Site Aree 15

(2) Origin undetermined

(3) Stanford Research Institute exploratory core$ 1005 ft,
Nevada Teat Site Area 15

(4) Gray grandiorite, surface, Nevada Test Site Area 15
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NOTS TP 3798_---

SHOAL GRA31 TE

Shook Particle Pressure Relative
Velocity Velocity Volume
(mt//see) (mm/sec) (kilobars)

5.98 1.80 285 0.699
6.15 2.36 386 0.616
6.60 2.38 416 0.639
6.57 2.60 453 0.604
6.81 2.58 466 0.621

7.16 3.02 573 0.578
6.86 3.42 622 0.501
7.04 3.45 644 0.510
0.493 0.98 128 0.859
0.500 1.22 160 0.80o

= 2.65

Source: Bass, Hawk and Ohabal (1963)
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NOTS TP 3798

S

PYROLYTIC GRAPHITE

Shock Particle Pressure Relative
Velocity Velocity Volume
(mm/ ec) (mm/Ksec) (kilobars)

4.93 0.461 50.1 0.929
5.88 0.663 85.8 0.904
6.20 0.852 116 0.883

Source: Wagner, Waldorf and Louie (1962)

PYROLYTIC GRAPHITE

Shock Particle Pressure Relative
Velocity Velocity Volume
(mm/=Asec) (mm/,sec) (kilobars)

5.59 0.807 98 04958
5.91 0.963 123 0.942
5.98 0.961 117 0.851

5.95 0.967 122 0.8"4
6.65 1.33 193 0.802
7.19 1.78 281 0.752

ý 0 = 2.20

Source: Doran (1963)
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NOTS TP 3798

Shcok Particle I'rem: re Relative
Velocity Velocity Volume

S(I•V/•zcc (-M,//tec) (kilobars)

GCe.i.-m Bro'1ide (single crystal)

0.97 146 0.716
3.33 1.25 13 0.672
4.15 1.52 28 C .632
4.38 1.69 328 0.614

4.414

".51 60 0.25
154 C.723

S3�3 1.13 17' 0.707
"70 0 0C.658

4.70 1.7k 313 0.636

0 3.960

Cezt--- Iodide (AinL.'e crystal)

3.12 1 .00 140 0.680
3.51 1.23 195 0.649
3.94 1.55 274 0.600
4.19 1.71 324 0.590

S1=4.4% • 0
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NOTS TP 3798

HALIDES (Cont)

Shock Particle Pressure Relative
Velocity Velocity Volume
(mm//Asec) (miuusec) (kilobars)

Ithu Bromide

4.12 1.02 136 0.752
4.51 1.36 194 0.712
4.96 1.63 267 0.672
4.97 1.805 300 0.637

S•o0 3.30

Ut hi•1um Chlorlde

5.49 1.087 12 1 0.802
5.80 1.415 170 0.756
6.32 1.780 230 0.720
6.57 1.941 263 0.704

0 = 2.06

UithiLM pj~r (single oryste1)

6.40 0.927 155 0.855

7.28 1.487 3282 0.795

\o = 2.614
Li ~ i I-o j - ( s ingle cry istal )

4.01 1.270 205 0.683

4.24 1.575 268 0.628
4.47 1.780 320 0.602

= 4.016
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NOTS TP 3798

HALIDES (cont)

Shock Particle Fressure Relative

Velocity Velocity VolumeI (mj1Aec) (mm//wec) (1k1lobars)

Potassium Bromide (single crystal)

3.52 1.16 112 0.670

4.36 1.46 161 0.641

4.58 1.74 218 o.608

4.88 1.97 264 0.596

2.73

rotassium Chloride

2.30 0.67 40 0.77
4.04* 11.211 97 0.698
4.64 1.57 144 0.661

5.19* I.88 194 0.636

5.51 2.13 232 0.613
5.54* 2.08 229 0.624

0 :o 1.950

* Single crystal

4.23 1.11 117 0.738
14.69 .43 168 0.695e' 1.78 32 0.661

.0, Z4 1.784.
5.54 1.94 266 0.650

=2.485

Potass4--,m JoAAe

3.28 1.10 110 0.668

3.70 1.40 16,, c.624

4.22 1.72 22T 0.594

4.47 1.99 278 0.555

11 eo 3.10



NOTS TP 3798

HALIDES (cont)

Sbook Fartiole Pressure Relative
Velocity Velocity Volume
(rnmwsec) (Mmm/We c) (kilobars)

Rubidium Bromide

3.16 1.08 112 0.659
3.62 1.38 163 0.621
4.16 1.73 237 0.585
4.44 1.96 286 0.559

>0 =3.285

Rubi•ium Chlcridg

3.43 1.16 109 0.663
3.91 1.44 151 0.632
4.48 1.82 222 0.594

S4.87 2.o4 268 0.581

= 2.752

3.01 1.11 117 0.633
3.44 1.37 163 0.601
3.95 1.73 235 0.554
4.24 1.91 279 0.522

0 3.50
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MOTS TP 3798

HALIDES (cont)

Shook Particle Pressure Relative
Velocity Velocity Volume
'(mmpsec) (•m~/jsec) (kilobars)

Sodium Bromide

3.38 0.55 58 0.838
3.34 0.54 57 o.839
4.o0 1.06 133 0.736
4.29 1.30 177 0.697
4.38 1.36 189 0.689

4.79 1.63 247 0.659
5.10 1.83 293 0.641
5.06 1.35 295 0.635
5.10 1.89 305 0.630

S0 = 3.165

Sodii Cbloride (see separate tables)

Sodi0Lm I-,dide (single crystal)

3.58 1.02 134. 0.714
4.03 1.35 202 0.654.39 1.61 259 0.6z4.58 1.86 312 0.593

0 =3.64

Source: Christian (1957)
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ROOK SALT

Shock Particle Pressure Relative
Velocity Velocity Volume
(mm/,&sec) (mm/,asec) (kilobars)

4.652 0.891 89 0.809 (1)
5.018 1.170 126 0.767 (2?
5.382 1.392 161 0.741 (2
5.325 1.377 162 0.755 (2)
5.511 1.400 166 0.746 2

5.874 1.747 220 0.7026( 2)
5.870 1.79 226 0.695 (1)
6.07 1.99 258 0.672 (2)
6.122 1.98 260 0.677 (2)
6.088 1.996 262 0.672 (2)

7.07 2.87 437 0.594 2)
7.10 2.85 436 0.599 2)
7.17 2.96 457 0.5937 (2
7.465 2.98 479 0.601 (2
8.24 3.49 620 0.577 ()
8.425 3.90 709 0.537 (1)
8.73 3.92 735 0.551 2
9.118 4.445 856 0.5089 2
9.157 4.596 865 0.498 (3)
9.025 4.54 882 0.497 (3)

•o 2.15

Souroe: Lombard (1961)

(1) Louisiana domne salt: Carey Mine

(2) Origin undietermined

(3) New Mexico red potash ore
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SODI'J• OHLORIDE (BIGLE ORTSTALB)

,hook Partol Pressure Relative

'V'looity Velocity Volume
(ram/IAveo) (mm?//Geo) (kilobars)

S19) 0.59 53 0.86•
S7,3 0 .98 100 0 .794

.29 133 152 0.736

.41 155 182 0.719
59 1.59 193 0.714

1,66 .71 209 0.699
5,.96 1.85 236 0.689
6l 13l 2.07 276 0.666

-85 3.24547 0.588
8 91 4.10 790 0.541

0o = 2.16

i"Ouroe: ALltshuler, Kuleshova and Pavlowokii (1960)
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NOTS TP 3798

SODI uN CHLORIDE (SINGLE CRYSTALS)

Shook Particle Pressure Relative
Velocity Velocity Volume
(mm1!1sec) (mm~msec) (kilobars)

Crystal orientation to shook front: 100

5.066 1.099 120 0.783
5.860 1.76 223 0.700
5.937 1.73 224 0.710
6.064 1.860 243 0.6936.237 1.963 2655 0.6853

6.24 2.05 277 o.671
6.34 2.28 313 C.64o
6.36 2.35 321 0.613
6.45 2.537 352 0.607
7.22 3.00 473 0.585

7.72 3.32 550 0.570
7.83 3.27 548 0.582
8.624 3.90 725 o.547
8.47 3.98 747 0.530

Crystal orientation to shock front: 11l

5.875 1.88 238 0.68)5.980 2.0 12 260 0.6645.999 2.029 2645 0.6618

6.04 2.o9 272 0.656
6.25 2.27 308 0.637
8.66 3.92 730 0.547

Soarce: ;nyblished data: LRL
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NOTS TP 3798

Temperatures associated witth shock

Halides

Pressure Temperature Residual
(kilobars) behind shock temperature(00) (Co)

Cesium bromide

0 20 20
146 950 425
213 1620 645 (M-2%)
280 26o0 645 (M-80%)
328 3200 850 (L)

Ceclum chloride

0 20 2060 265 100154 910 34o

172 1075 390
270 2100 560 (T)
318 2700 650 (T, :A-50%)

Cesi•m iodide

0 20 20
140 1400 490
195 2300 630 J.4-30%)
324 4700 900 fl

Source: Christian, 1957

(M- %) Indicates the final state is at the
"melting point" with % liquid

(L) indicates the liquid state

(T) indicates a transition is assumed to ooour
in the rarefaction only
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NOTS TP 3798

Temper.atures associated with shook

Halides

l'ressure Temperature Residual
(kilobars) behind shock temperature

(C0) (C0)

Lithium bromide

0 20 20
136 425 170
194 695 290
267 1080 435
300 1645 520

Lithium chloride

0 20 20
121 235 74
170 425 170
230 635 290
263 805 400

Lithium fluoride

0 20 20
155 134 62
185 175 80
282 315 155
328 410 200

source: Christian, 1957
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NOTS TP 3798

Temperatures associated with shock

Halides

Pressure Temperature Residual
(kilobars) behind oshock temperature

(C ) (o0)

Potassium bromide

0 20 20
112 1000 540
161 1600 630
218 24O0 750 (L)
264 3100 900 L

iotassium chloride

0 20 20
40 160 50
97 600 320

144 1060 620

194 1640 750 (N:-45%)
232 2110 750 (I!-707)
229 2080 750 (1:-70o)

Potassium fluoride

0 20 20
117 400 235
168 6oo 335
232 1100 630
266 1400 750

Potassitm iodide

0 20 20
110 1100 400
161 1950 6oo
227 3200 900 (L)
278 ,Y4o 10 CO0L

oottrce: Christian, 1957

(1I-- "') indicates the final state is at the"melting point" uitth % liquid

(L) indicates the liquid phace
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NOTS TP 3798

Temperatures associated with shock

Halides

Pressure Temperature Residual
(kilobars) behind shock temperature

(00) (CO)
Rubidium bromide

0 20 20
112 1240 695 (11-40%)
163 2040 810 (L)
237 3200 1200 L)
286 41oo 1400 (L

Rubidium chloride

0 20 20
109 1080 700
151 1600 725 1~!- 75
222 2700 1050 (L)
268 5400 1100 o L)

Rubidlum iodide

0 20 20
M 1500 670 SL)

163 2600 10'0 5 L
235 4200 1450 (L
279 5150 1850 L)

Source: Christian, 1957

(:,- %) indicates the final state is at the"melting point" with % liquid

(L) indicates the liquid stato

1
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NOTS 'T 3798..

Temperatures assoocated with shook

Halides

Pressure Temperature Residual
(kilobars) behind shook temperature

(O0) (00)

Sodi•m bromide

0 20 20
58 1095
57 1T5 95

133 475 215
177 750 330

189 830 365
247 1290 550
293 1725 725
295 1725 735
305 1825 775

Sodium chloride

0 20 20
52 120 60

118 345 155
120 320 130
119 345 155

120 340 150
120 330 140
126 395 180
161 520 240
223 745 -345

224 720 320
27960 410

880 370
238 960 410
260 1100 470

259 1000 435
264 16-o 450
270 980 410264 1100 470
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NOTS TP 3798

Pressure Temperature Residual
(kilobars) behind shock temperature

('00) (C

Sodium iodide

0 20 20
134 750 340
202 1350 650
259 2000 665 (N:-3%)
312 2675 665 0+85%)

Source: Christian, 1957

(1- %) indicates the final state is at the
"melting point" with % liquid
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INDIUM

Shook Partiole Pressure Relative
Velocity Velocity Volume
(mm/=ývec) (mn/'/sec) (kilobars)

3.745 0.7837 213.5 0.7907
3.965 0.9812 283 0.7525
4.348 1 .281 405 0.7054

= 7.27

Source: Walsh, Rice, McQueen and Yarger (1957)
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Temperatures associated ,Ith shoc3,

Indium

Pressure Temperature Residual
C:ilobars) behind shock temperature

(C0 ) (CO)
0 20

100 153
150 260
200 397
250 561

300 745
350 950
4oo 1179
45o 1439
500 1710

Sowrce: Rioe, ",;cQueen and Walsh, 1958
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IRON

Shock Particle Pressare Relative
Velocity Velocity Volume
(mm/ sec) (mm//z e ) (kilobars)

5.30 0.97 4o0
5.38 1.00 422
7.27 2.26 1290 1
7.54 2.38 1410

8.89 3.25 d270
9.36 3.56 2620
9.98 3.83 3000

10.45 4.20 3440
1o.67 4.32 3620

11.10 1. 59 4000
11.32 4.?$3 42'90
I2j.Zj 5.17 4870

=7.85

Soirce: Al'tnhuler, Krupnlkov and Ibrazhnik (1958)

IROI;

Shook Farticle 1 rce wr urv Relative
Velocity Velocity Volume(mm,/ e) (min//4sec) (Mlobair')

5.438 0.994 423.8 0.8172

5.458 0.993 424.9 0.8181
5.474 1.013 434.7 c.3149

5.652 1.083 480.8 0.8080

= 7.84

Source: Walsh, lice, mc,,ueen and Yarper (1957)
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IRON

Shook Perticle Fressure Relative

Velocity Velocity Volume

(mrra// sec) (mm//usec) (kilobars)

5.57 1.09 477 o.804
6.54 1.64 843 0.749
6.57 i.66 857 0.748

=65 I1.74 911 0.738
6.1i 1.79 943 0.733

6.63 ;.16 968 0.720

6.89 1.89 1024 0.726

6.95 1.89 '033 0.728
7.42 2.17 1267 0.7077.42 2.19 1276 0.705

7.66 2 .2 1397 0.697

T7.58 2.34 1393 0.692

/8.00 2.57 1618 0.679
r'�o 82.68 1728 0.675

._0 Z.63 1730 0.673

0 7.8

Source: Mc,.ueen and marsh (1960)
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Temperataraz associated viti shocd:

S~Iron

Lressnre Tenperature Rlcsidual
(V-ilobars) behind0 shock temperature(C ) (00)

0 20

250 227
500 527
750 1027

1000 1477
1250 1927
1500 2377
1750 3127

"source: 4c',ecen and Marsh, 1960
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KELO-P

Shook Particle Pressure Relative
Velocity Velocity Volume
(mm//&seo) (mqmjeec) (kilobars)

2.60 0.580 31.7 0.776
2.68 0.565 31.8 0.790
3.61 1.10 83.0 0.697
3.64 1.27 96.8 0.651

0 = 2.1

Source: Wagner; Waldorf and Louie (1962)
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LEAD

Shock Particle Pressure Relative
Velocity Velocity Volume
(mmVeotec) (mm//usec) (kilobars)

2.914 0.590 194.8 0.7975
3.266 0.819 303.2 0.7494
3.250 0.802 295.3 0.7532
3.724 1.118 471.7 0.6998

ýo = 11.34

Source: Walsh, Rice, McQueen and Yarger (1957)

LEAD

Shock Particle Pressure Relative
Velocity Velocity Volume
(m //ssec) (mm// sec) (kilobars)

3.52 0.97 390 0.724
5.33 2.34 141o 0.563
7.65 4.26 3700 0.443

= 11.74

Source: Al'tshuler, Krupnikov and Brazhnik (1958)

LEAD

Shook Particle Pressure Relative
Velocity Velocity Volume
(m/ seec) (mmiisec) (kilobars)

4.52 1.64 838 0.638
4.52 1.64 837 0.638
5.44 2.25 1388 0.587
5.42 2.25 1383 0.585

= 11.34

Source: McQueen and Marsh (1960)
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Temperatures associated with shock

Lead

Pressure Temperature Residual
(1:±1•bars) behind shoal, temperature

(C (00)

0 20 20
100 131 69
200 628 214
300 1070 327
4oo 1589 429

500 2449 624
600 66 818
700 r631 1007
800 5937 1192
900 7378 1369

1000 8945 1540
1100 10637 1703
1200 12447 -

1300 14367 -

1400 16397 "

Source: I.cý,ueen and U.arsh, 1960
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NOTS TP 3798

LIIMESTONE*

Shock Particle Pressure Relative
Velocity Velocity Volume
(mm/tseo) (nMM'/see) (kilobars)

3.707 0.570 53 0.846
4.927 1.055 130 0.786
5.83 2.01 294 0.655

6.56 2.64 439 0.598
8.05 3.31 692 0.589
8.60 3.67 817 0.573

0 = 2. 50 - 2.59

Source: Lombard (1961)

* From third fragmented formation, Pony Creek No. 2 core,
Richfield oil Co., Alberta, Canada
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NOTS TP 3798

LIQUIDS

Shook Particle Pressure Relative
Velocity Velocity Volume
(mm/isec) (mVotsee) (kilobars)

Acetone

5.37 2.510 105.8 0.533
3.97 1.495 46.4 0.623

o = 0.78
Blenzene

5.66 2.470 121.0 0.564
4.10 1.448 52.4 0,647

0.87

4.68 2.300 15 .1 0.508
3.40 1.363 61.0 0.599

= 1.46

4.32 2.412 129.5 O.441

3.37 1.415 58.5 0.580

0 = 1.23

g~k letzaohloridt

4.85 2.2)5 171.0 0.539
3.51 1.325 73.9 0.622

o = 1.58

S54o 2.550 96.1 0.528
3.88 2.517 41.8 0.609

S• o0 0.70 II



NOTS TP 3798

LIQUIDS (oont)

Shook Particle Pressure Relative
Velocity Velocity Volume
(mi/vseo) (mniosec) (kilobars)

Ethyl Alcohol

5.63 2.500 110.4 0.556
4.03 1.487 47.3 0.631

z0 = 0.79

glicerize

6.07 2.240 170.3 0.631
4.58 1.328 76.6 0.710

ýo = 1.25
le~xane
5.54 2.590 95.7 0.533

4.02 1.517 41.5 0.622

0= 0.68

2.752 o.608 226.4 0.779
3.101 0.772 324.0 0.751
3.504 0.978 463.7 0.721

= 13.5
me thanol

5.51 2.525 109.5 0.542
3.95 1.483 46.6 0.625

= 0.79
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NOTS TP 3798

LIQUIDS (cont)

Shock Partiole Pressure Relative
Velocity Velocity Volume
(rm//sec) (=m//use c) (kilobars)

Mononitrotoluene

5.64 2.300 151.5 0.592
4.20 i.340 65.8 0.681

0 = 1.17

N-AMz, Alcohol

.81 2.465 115.9 0.576

.26 1.466 50.9 0.656

S0 = 0.81

Toluene

.73 2.412 121.5 0.579

.12 1 .443 52.1 0.650

= 0.88

Water (see separate table)

Source: Walsh and Rice (1957)
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NOTS TP 3798

WATER

Sho ck Particle Pressure Relative
Velocity Velocity Volme
(mmsec) (mm/= sec) (kilobars)

3.354 0.952 31.8 0.716
4.093 1.392 56.8 0.660
4.126 1.411 58.2 0.658
4.536 1.655 74.9 0.635

4.813 1.829 87.8 0.620
4.777 i.8o6 86.1 0.622
4.757 !.798 85.4 0.622
5.626 2.385 133.9 0.576

5.604 2.370 132.5 0.577
5.601 2.335 130.5 0.583
8.07 4.13 333.Q 0.488
8.07 4.24 342.0 0.475
8.45 4.60 388.0 0.456
8.49 4.72 400.0 0.444
8.59 4.72 405.0 0.450
8.74 4.81 419.0 0.450

0 = 1.0

Source: Walsh and Rice (1957)
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!:AGHTESIUI:

ShOck Particle Pressure RelativeVelocity Velocity VCL 1ae(=m!mec) (mm,/scc) (kilobars)

5.987 1 .12I 116.4 0. 1287.082 2.078 26c.4 C.7066

0 = 1.735

Source: Walsh, Rice, McQueen and Yarger (1957)
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Toneraotarc' a~ socictcC Ut> zocc:

:.aj-,e siu--a

ilre-10.r Te:ir~eratjre T c si d:cJ
(:.-llobac.r) beh~n~d thc: tomncrature

(.,,O) (0o)

0 20
100 174
150 313

200 487
21-50 6f9,1
300 992 3

Sc~irce: Rice, ::me 'd ;:15alh, l)58
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M4ARBLE*

Shock larticle Pressure Relative
Velocity Velocity Volume
(mm/ 1 sec) (mm//Asec) (kilobars)

Light Marble

6.620 0.913 171 0.862
7.347 1.422 297 0.8067.658 1.93 418 0.748

Dark Marble

5.464 0.983 156 0.820
7.304 1.425 296 0.8057.737 2.13 468 0.725

t = 2.84 2.90

Source: Lombard (1961)

F from surface, Nevada Test Site Area 15

MARBLE

Shook Particle ]?ressure Relative
Velocity Velocity Volume
(mm//seo) (i•/icc) (kilobars)

4.26 o.43 50 0.9014.51 ,0.56 68 0.877
4.70 "0.64 80 0.8624.92 0.77 102.5 0.8465.18 0.90 125 0.826

5.26 0.92 131 0.825
5.47 1.125 166 0.7945.51 1.17 174 0.786
5.66 1.26 193 0.781
5.76 1.33 108 0.763
6.04 1.56 252 0.741
6.27 1.72 291 0.725
6.47 1.85 325 0.725
7.35 2.56 508 0.653

0o 2.70
Source: Dremin and Adadurov (1959) 203
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MOLYBDENUM

Shook Particle Pressure Relative
Velocity Velocity Volume
(mm€/sec) (mm//sec) (kilobars)

5.699 0.437 254.0 0.9233
5.647 M.V44 255.2 0.9214
5.955 0.591 359.0 0.9008

5.861 0.606 362.3 0.8966
6.210 0.850 538.4 0.8631
6.124 0.792 494.7 0.8707

0 = 10.20

"Source: Walsh, Rice, McQueen and Yarger (1957)

MOLYBDENUM

Shock Particle Pressure Relative
Velocity Velocity Volume
(mntra/,,sec) (mm2tseo) (klobars)

7.29 1.69 12%6 0.769
7.20 1.70 1245 0.764
7.29 1.68 1250 0.770

7.65 2.06 1604 0.731
7.71 2.06 1618 0.733
7.75 2.07 1633 0.733

a0 = 10.20

Source: MoQueen and Marsh (1960)
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Tempcratures assý-viated with shoc:

1!o I; 7 den~ui

Iressure Temperature Residual
(kilobars) behind shock temperature

(0O) (00)

0 20 20
100 37 22
200 62 32
300 00 54
40o 153 90

500 226 139
600 318 202
700 429 276
800 559 362
900 707 457

1000 871 560
1100 1051 670
1200 1244 736
1300 1449 905
14oo 1665 1027

1500 1888 1149
160o 2116 1-270
1700 2347 0387

iSource: kcvxeen and Marsh, 1960
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NICKEL

Shook Particle Pressure Relative
Velocity Velocity Volume
(mmk4sec) (mmýAsec) (kilobars)

5.417 0.49o 235.0 0.9095
5.653 0.678 339.4 0.8801
5.620 0.687 341.8 0.8778

6.031 0.957 511.0 0.8413
5.969 0.982 519.0 0.8355
5.952 0.887 467.4 0.8510

= 8.86

Source: Walsh, Rice, :.cueen and Yarger (1957)

NIOKEL

Shock Particle Pressure Relative
Velocity Velocity Volume
(mm-4sec) (mm%,se c (kiobrs)

6.95 1.64 1009 0.764
6.99 1.64 1014 0.766
7.11 1.62 1022 0.772

7.78 2.15 1478 0.724
7.76 2.17 1491 0.721
7.80 2.16 1490 0.723

= 8.86
Source: McQueen and Marsh (1960)
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Temperatures assooiated with shoc;

riN I.Tic::el

Pressure Ten-'rature Residual
(Uilobars) behind zhoc7, tciapergturc

(co) (0)

0 2o 20
100 48 22
200 83 34
300 132 57
40o 198 92

500 281 137
Goo 331 191
700 495 252
800 624 319
900 767 391

1000 922 466
1100 10o87 .544
1200 1263 623
1300 1447 703
I •00 I640 734
1500 1337 864

source: McQueen and Ilarsh, 1960
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NIOBIUMI

Shock Particle Pr'essure Relative
Velocity Velocity eVolume

(m~se) (mm,/psec) (kilobars)

5.177 0.5489 244.5 0.9040
5.311 0,7434 341 0.8606
5.642 0.9929 482 0.8240

0= 8.604

Source: Walsh, Rice,, McQueen anid Targer (1957)
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Temperatures associated vith shock

Niobitm

Pressure Temperature Residual
(kilobars) behind shock temperature

(00) (00)

0 20
100 49
150 73
200 97
250 133

300 1770 2
450 351
500 427

Source: Rice, McQueen and Walsh, 1958
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NYIDN

Shock Particle Pressure Relative
Velocity Velocity Volume
(mm/seo) (mm/,asec) (kilobars)

2.38 0.135 4.50 0.945
2.4o 0.165 3.64 0.930
3.51 0.505 26.6 0.856
3.52 0.665 20.2 0.810
4.56 1.55 80.2 o.661

•o=1.14
0I

Souroe: Wagner, Waldorf and Louie (1962)
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NOTS TP 3798

r OIL SAND*

Shook Particle re ss•are Relative
Velocity Velocity Volume(loosec) (mn4seo) (kilobars)

4.372 1.215 98 0.7225.69 2.21 242 0.6125.48 2.26 231 0.588

7.45 3.80 540 0.4907.31 3.78 546 0.4837.79 4.25 634 0.455

S= 1.84 - 1.98

Source: Lombard (1961)

* MoMurray formation, Pony Orep'k No, 2 corep Richfield
Oil Co,, Alberta, Canada
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NOTS TP 3798

OIL SHALE*

Shock Particle Pressure Kelative
Velocity Velocity 'Volume
(mm~//sec) (mn/tsec) (kilobars)

Ore Grade# - High

4.86 1.27 96 0.739
5.33 1.59 135 0.701
5.96 1.97 189 0.669
6.23 2.26 219 0.637

Ore Grade - Medltun

5.30 1.09 119 0.794
6.27 1.43 170 0.729
6.09 1.75 242 0.713
6.29 2.00 279 0.682

Ore Grade - Low

5.08 1.09 130 0.7`5
5.36 1.40 175 0.738
6.04 1.75 241 0,710
6.41 1.98 286 0.691

Oil Shale - Wet

4.43 1.64 110 0.630
5.16 2.68 222 0.507
5.25 2.11 164 0.590

= High - 1.6; Medium - 2,2 - 2.3; Low - 2.3; Wet - 1.51

Souroe: Lombard (1961)

* Pony Creek No. 2 oore, Richfield Oil Co., Alberta, Canada

# Ore grade - a qualitative term denoting the relative
oil yield per unit volume of rock
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NOTS TP 3798

Ph Y-LLDI uJ!

Shock Particle Pressure RelativeVelocity Velocity Volume
(n~~/tec)(mm,~ksec) (icilobars)

4.673 0.4728 262.5 0.89885.004 0.6200 372 0.87615.374 0.8219 531 0.8471

= 11.95
Source: Walsh, Rice, McQueen and Yarger (,1957)
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NOTS TP 3798

Temperatures associated with shock

Palladium

Pressure Temperature Residual
(kilobars) behind shook temperature

(CO) (aO)

0 20
100 65
150 97
200 135
250 180

300 231
350 289
400 353
450 423
500 497

Sour'ce: Rice, I.IcQueen and Marsh, 1958
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NOTS TP 3798 i

AVCO PHENOLIC KIBERGLASS

Shook Particle Pressure Relative
Velocity Velocity Volume
(mm//tsao) (mm~seo) (kilobars)

2.19 0.444 18.5 0.797
2.43 0.568 26.2 0.766
3.03 0.866 49.9 0.716
3.32 1.38 86.8 0.586
4.28 2.19 178.0 0.488

o 0= 1.90

Source: Wagner, Waldorf and Loule (1962)

G E iREiOL1 FIBERGLASS

Shook Particle Pressure Relative
Velocity Velocity Volume
(mm0 seeo) (mm//xtsec) (kilobars)

3.69 0.385 21.5 0.896
3,80 0.500 36.9 0.868
4.g 0.791 62.7 0.306
4.36 1.01 85.7 0.768
4.59 1.25 111.0 0.728

0 = 1.94

Source: Wagner, Waldorf and Louie (1962)
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NOTS TP 3798

CHOPPED NYLON PHENOLIC

Shock Particle Pressure Relative
Velocity Velocity Volume
(mm//sec) (mm/sec) (kilobars)

3.47 0.928 38.6 0.732
6.03 2.33 169 0.614
7.38 3.09 274 0.581

0 = 1.20

Source: Wagner, Waldorf and Loule (1962)

TAPE WOUND NYLON PHENOLIC

Shock Particle Pressure Relative
Velocity Velocity Volume
(mm/sec) (mmktsec) (kilobars)

3.83 0.433 20.2 0.889

3.97 0.562 27.2 0.859
4.22 0.891 45.8 0.790
4.64 1.13 64.0 0.755
5.12 1.38 86.1 0.731

o = 1.22

Sourc;, : Wagner, Waldorf and Louie (1962)
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NOTS TP 3798

PLATINUM

Shock Particle Pressure Relative
Velocity Velocity Volume
(mm//sec) (mm/jssec) (kilobars)

4.199 0.329 295 0.9238
4.306 0.4550 416.5 0.8943
4.495 0.6102 586 0.8642

=21.37

Source: Walsh, Rice, McQueen and Yarger (1957)
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NOTS TP 3798

Temperatures associated Adth shock

Platinum 0

PreL.sure Temperature Residual
(kilobars) behind shock temperature

(00) (co)

0 20
100 46
150 60
200 77
250 95

300 117
350 144
4O0 174
450 207
500 244

So-xrce: Rice, ,Ic,'ueen and Walsh, 1958
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NOTS TP 3798

PLAYA*

Shoeok Particle Pressure Relative
Velocity Velocity Volume
(mm/2#sec) (mm/"sec) (kilobars)

2.70 1.04 40 0.615
4.40 2.48 148 0.436
3.00 1.08 48 0.640
2.58 1.04 39 0.597
3.69 i.60 87 0.566

4.47 2.52 166 0.436
4.36 2.50 160 0.427
5.07 3.54 264 0.302
5.24 3.52 271 0.328

= 1.41- 1.47

Source: Bass, Hawk and Chabai (1963)

* Samples from 100 ft depth, Nevada Test Site Area 5
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NOTS TP 3798

PLEXIGLAS

Shook Particle Prcssure Relative
Velocity Velocity Volume
(mM'/%ec) (mz•4ss c) (kilobars)

3.16 0.454 16.9
3.26 0.590 22.7
3.85 0.916 41.6

4.17 1.17 57.6
4.52 1.43 76.5
5.97 2.28 160

Source: Wagner, Waldorf atd Loule (1962)
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NOTS TP 3798

POLYETHYLENE

Shock Particle Pressure Relative
Velocity Velocity Volume
(MM/so (mm/tee) (kilobars)(=A seo) (n .

1.86 0.115 1.96 0.938
1.90 0.170 2.95 0.910
3.14 0.625 18.1 0.800
4.30 1.33 58.8 0.723
4.88 1.44 64.5 0.706

ýo = 0.92

Source: Wagner, Waldorf and Louie (1962)
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NOTS TP 3798

POLYSTYRENE

Shook Particle Pressure Relative
Velocity Velocity Volume
(m//iseo) (mmnsec) (kilobars)

2.74 0.140 4.07 0.948
3.72 0.320 12.5 0.914
3.73 0.460 17.9 0.877
4.56 1.24 59.3 0.729

o 0= 1.05
Source: Wagner, Waldorf and Louie (1962)
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NOTS TP 3798

CRYSTALLINE QUARTZ

Shock Particle Pressure Relative
Velocity Velocity Volume
(mm//seo) (11uu//uec) (kilobaz's)

2.88 0.43 56 0.900
4.74 0.67 94 0.809
4.74 0.71 99 0.863
5.14 0.82 116 0.847

4.85 0.86 126 0.841
4.88 0.86 126 0.843
5.11 0.83 126 0.8425.18 0.87 132 0,8375.24 0.92 135 0.829

5.64 1.24 189 0.785
5.61 1.21 184 0.788

47 1.25 190 0.783
•71 1.23 196 0.783

5.68 1.30 198 0.773
5.61 1.26 200 0.770

5.61 1.71 263 0.705
5.69 1.69 269 0.707
5.76 1.82 277 0.690
6.12 2.55 414 0.585
6.29 2.70 430 0.571
6.66 2.70 511 0.566 I
6.95 3.03 558 0.564

7.76 3,42 703 0.589
7.70 3.52 708
7.75 3.52 714 0 5407.76 3.49 718 0.507.75 3.52 723 o.58

ý0 = 2.6

Source: Wackerle (1962)
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NOTS TP 3798

FUSED QUARTZ

Shook Particle Pressure Relative
* Velocity Velocity Volume

(mm/Aeo) (m/"Aeo) (kilobars)

4.52 1.04 117 0.791
4.67 1.40 153 0.717
4.70 1.41 157 0.716
4.97 1.90 211 0.624

4.96 1.95 217 0.614
5.53 2.76 337 0.501
5.62 2.76 342 0.509
5.62 2.78 346 0.512

6.43 3.25 460 0*496.4 3.33 482 01:9
7.28 3.81 611 0o477
7.30 3.87 623 0.470

Ro = 2.204

Source: Waokerle (1962)
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NOTS TP 3798

Temperatures associated with shook

Crystalline quartz

Pressure Temperature Residual
(kilobars) behind shock temperature

(C°) (0 )

0 20 20
50 36 20

100 117 81
144 203 151
150 206 156
200 238 169

250 2F2 190
262 - -
300 336 214
350 398 248
383 454 282

400 640 465
450 1125 780
500 1630 1160
600 2650 1920
700 3665 2670

Source: Waokerle, 1962
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NOTS TP 3798___

Temperatures associated with shock

?used quartz

Pressure Temperature Residual
(kilobars) behind shock temperature

(CO) (00)

50 1 0100 2 0

144 - -
150 3 0
200 4 0

250 5 0
262 5 0
300 495 470
350 1185 1155
383 - -

400 1895 186o
450 2560 2610
500 3390 3310
600 4890 4790
700 - -

Source: Wackerle, 1962
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NOTS TP 3798

RLD 58B

Shook Particle Pressure Relative
Velocity Velocity Volume

(mn~teo) (~sec)(Iilobarg)

1.43 0.298 5.39 0.794
1.54 0.503 9.77 0.674
1.60 0.654 13.2 0.591

1.92 1.02 24.7 0.4672.13 1.31 55.1 0.388
2.28 1.61 46.3 0.296

= 1.26

Source: Wagner, Waldorf and Lo-ie (1962)
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NOTS TP 3798

OBLIQUE TAPE WOUND REPRASIL

Shock Particle Pressure Relative
Velocity Velocity Volume
(mm~//sec) (mm!/asec) (kilobars)

2.87 0.436 19.6 0.849
3.00 0.565 26.6 0.811
3.41 0.882 47.2 0.74?
3.59 1.13 63.9 0.684
3.82 1.39 83.6 0.635

ýo = 1.57

Source. Wagner, Waldorf and Loule (1962)
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NOTS TP 3798 I
RHODIUM

Shock Particle Pressure Relative
Velocity Velocity Volume

(mm//4sec) (mm/A4,sec) (kilobars)

5.476 o.4100 278.5 0.9250
5.865 0.7566 551 0.8710

0 = 12.42

Source: Walsh, Rice, McQueen and Yarger (1957)
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SOTS 1? 3798

Terperatures associated with shock

Rhodium

Pressure Temperature Residual
(kilobars) behind shock temperature

(0o) ( o)

0 20
100 42
150 54
200 69
250 85

300 104
3F) 127
4oo 153
4.0 181
500 218

Source: Rice, 'ocQueen and Walsh, 1958

264



NOTS TP 3798

II I I

200

01

p.l0

b)

06 100

0 200 400

Pressure - Kilobars

RHODIUM

265



NOTS TP 3798

SILICA SAND*

Shook Particle Pressure Relative
Velocity Velocity Volume
(nm//tsec) (rm//tsec) (kilobars)

Dry Silica Sand - Porosity 41%

3.13 1.17 58 0.626
3.23 1.16 59 0.641
3.42 1.61 88 0.529

3.47 1.70 93 0.510
4.26 2,25 150 0.472
4.24 2.23 153 0.474

Dry Silica Sand - Porosity 22%

3.45 1.07 75 0.690
3.70 I.46 116 0.605
4.78 2.03 197 0.575

Water-Saturated Silica Sand - Porosity 41%

4.53 0.98 90 0.784
5.00 1.45 143 0.710
5.63 1.94 213 0.655
5.59 1.93 216 0.655

o = Dry (porosity 41%) - 1.6; Dry (porosity 22%) - 2.0; Wet - 2.0

Source: Bass, Hawk and Chabai (1963)

* Fine, pure silica sand, called oven furnace sand,
composed of particles 80% of which have diameters less
than 75 microns. Maximum particle size 150 microns.
Grain density 2.65 gmi/cm, the same as that of
crystalline quartz.
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NOTS TP 3798

SILVER

Shock Particle Pressure Relative
Velocity Velocity Volume
(mm/sec) (mm/mwec) (kilobars)

4.065 O.504 214.9 0.8760
4.113 0.527 227.4 0.8719
4.378 0.717 329.3 0.8362
4.846 0.985 500.7 0.7967
4.848 1.010 513-6 0.7917

= 10.94

Source: Walsh, Rice, McQueen and Yarger (1957)

SILVER

Shock Particle Pressure Relative
Velocity Velocity Volume
(mm//ýsec) (mm//xsec) (kilobars)

4.69 0.93 460 0.800
6.76 2.19 1550 0.675
9.45 4.05 4010 0.572

= 10.94

Source: AlItshuler, Krupnlkov and Brazhnlik (1958)

SILVER

Shock Particle Pressure Relative
Velocity Velocity Volume
(mx/'Asec) (mm//sec) (kilobars)

5.98 1.77 1107 0.705
5.96 1.78 1109 0.702
6.73 2.14 1512 0.681

6.63 2.17 1509 0.673
6.68 2.16 1510 0.677
6.72 2.17 1530 0.677

o= 10.94 Source: McQueen and Harsh (1960)
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NOTS TP 3798

Temperatures asLociated with shock

Silver

Pressure Temperature Residual
(1:llobars) behind shock temperature

(0O) (00)

0 20 20
100 85 30
200 179 71
300 320 143
400 510 238

500 748 349
600 1029 470
700 1348 596
800 1701 725
900 2083f 853

1000 246o 960
1100 2682 960
1200 2903 960
1300 3198 992
1400 3725 1117

1500 4285 1241
1600 4875 1364

Source: MoQueen and Marsh, 1960
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NOTS TP 3798

LOW CARBON STEEL

Shook Particle Pressure Relative
Velocity Velocity Volume
(mmOsec) (mm//sec) (kilobars)

5.15 0.300 120.8 0.9418 -

5.16 0.305 123.5 0.9408
5.14 0.311 125.4 0.9394
5.15 0.316 127.7 0.9386

5.14 0.322 129.9 0.9373
5.155 0.329 132.9 0.9362
5.15 0.338 136.7 0.9343

0o= 7.8

Source: Katz, Dorran and Curran (1959)
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NOTS TP 3798

TAOONITE

Shook Particle Pressure Relative
Velocity Velocity Volume
(,m/see) (mm'/,ec) (kilobars)

Iron
4.36 0.68 126 0.843

5.33 1.61 246 0.657
7.51 3.02 940 0.229 (?)
7.98 3.25 1140 0.593

ý0 = 4.15 - 4.38

Rook

4.29 0.95 74 0.780
4.23 1.59 200 0.624
7.41 4.05 679 0.453

ýo = 1.82 - 2.41

Souroe: lombard (1961)

*Banded Mesabi Range, Erie formation. The banding was of the
same dimensions as the sample, henoe the "Iron* samples are
almost pure iron while the "rook" samples oontain little iron.
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NOTS TP 3798

TANTALL14

Shock Particle Pressure Relative
Velocity Velocity Volume
(mm//sec) (mm//As a) (kilobars)

3.811 0.4327 271.5 0.8865
4.oio 0.5800 383 0.8554
"4.323 0.7685 547 0.8222

= 16.46

Source: Walsh, Rice, McQueen and Yarger (1957)

I
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NOTS Ti 3798

Temperatures associated vitl shock

* Tantalum

Pressure Temperature Resiaual
(h:ilobars) behind shock temnerature

(00) (0

0 20
100 47
150 69
200 92
250 121

300 160

g 50 207
o 260

450 315
500 379

Source: Rice, McQueen and Walsh, 1958
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TEFLON

Shock Particle Pressure Relative
Velocity Velocity Volume
(mm//sec) (mm//asec) (kilobars)

1.85 0.263 10.5 0.859
2.08 0.410 18.4 0.803
2.49 0.578 31.1 0.767
3.03 o.837 54.8 0.723
3.32 i.06 76.4 0.679

= 2.16

Source: Wagner, Waldorf and Louie (1962)
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THALLIUM

Shook Particle Pressure Relative
Velocity Velocity Volume
(mnm//•ec) (mm//seo) (kilebars)

2.804 0.6416 213 0.7712
2.817 0.6386 213 0.7733
3.120 0.8446 312 0.7293

3.145 0.8406 313 0.7327
3.538 1.090 456.5 0.6919
3.51 1.089 456.5 0.6925

q = 11.84

Source: Walsh, Rice, Mcrueen and Yarger (1957)

T•fALLI UN

Shook Particle Pressure Relative
Velocity Velocity Volume

4m/i4e) (m/Asee) (kilobars)

4.42 1.65 864 0.627
4.41 1.65 862 0.626
4.41 1.65 862 0.626
5.13 2.15 1306 0.581

5.39 2.37 1515 0.560
5.40 2.37 1516 0.561
5.40 2.37 1517 0.561

S= 11.84

Source: Mcueen and Marsh (1960)
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TemperaturesE associated with shoca"

lhallitum

* Pressure Temperature Residial
(kilobars) behind sho c: temperature(00) (co) a

0 20 20
100 211 78
200 587 245
300 857 303
4oo 15o3 502

500 2374 723
600 3412 940
700 4614 1148
800 5988 1345
900 7552 -

1000 9340 -

1100 11417 -

1200 13897 -

1"71,1017067
21607

1500 30627 -

Source: I*Ic, 2ueen amd Marsh, 1960
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THORIUMh!

Shock Particle Pressure RelativeVelocity Velocity Volume
(rmm~sec) (Mmo1,,sec) (kilobars) Vlm

3.497 1.043 426.0 0. 70173.192 0.812 302.7 0.74562.954 0.620 213.9 0.7901S2.90 0.571 193.4 0.8031

0 = 11.68
Source: Walsh, Rioe, MoQueen and Yarger (1957)

THORIUM
Shook Particle Pressure RelativeVelocity Velocity Volume

(mm/)VseO) (zm//vusec) (kilobars)

4*51 1.90 1001 0.5784.53 1'94 1026 0.5725.16 2.32 1400 0.550
5.11 2.31 1378 0.5485.09 2.33 1 84 0.5435.10 2.36 1405 0.538

= 11.68

Source: McQueen and m!arsh (1960)
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Temperatures associated with shock

Thorim

Pressitre Teoneratzre Residual
(hilobars) behind shocl. temperature

(CO) (00)

0 20 20
100 129 67
200 394 238
YJo 801 491
400 13o4 781

500 1849 1079
600 2435 1366
700 3009 1632
800 3386 1750
900 3855 1895

1000 4818 2285
1100 5356 2677
12oo 6966 3071
1300 8145 3464
140C 9393 3855
1500 10707 4243

Jource: 1b.eueen and Iiar.•h, 1960
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TIN

Shook Particle Pressure Relative
Velocity Velocity Volume
(mm//seo) (mm//&eeo) (kilobars)

4.555 1.290 427.8 0.7168
4.435 h.190 384.2 0.7317
4.004 0.925 269.6 0.7690
3.557 0.705 182.6 0.8018
3.524 0.670 171.9 0.8098

= 7.28

Source: Walsh, Rice, McQueen and Yarger (1957)

TIN

Shook Particle Pressure Relative
Velocity Velocity Volume.
(mmfrsco) (mmtseo) (kilobars)

4.20 1.08 330 0o'741
6.36 2.59 1200 0.833
9.02 4.73 3100 0.476

ko = 7.28

Source: Al'tshuler, Krupnikov and Brazhnik (1958)

TIN

Shook Particle Pressure Relative
Velo(ity Velocity Volume
(mm/useo) (mm/rAsec) (kilobars)

5.57 1.95 790 0.651
6.71 2.80 1364 0.583
6.80 2.78 1377 0.591
6.75 2.81 1378 0.584

S= 7.28 293

Source: MoQueen and marsh (1960)
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Te.aperatures associated with shook

Tin

Iressure Temperature Residual
(kilobars) behind shock tenperature

(0O) (00)

0 20 20
100 162 63
200 436 193
300 598 232
4oo 924 341

500 1556 565
600 2312 795
700 3132 1025
800 4169 1252
900 5132 1476

1000 6357 1697
1100 7637 1921
1200 9017 2147
1300 10487 -
14oo 12047 -

Soirce: !IcQueen and Marsh, 1960
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STemperatures aszociated i,1th shock

TI tanit•u

Pressure Temperatire Residual
(kilobars) behind shoc2z tem-erature

0 20 20
100 30 29
200 133 73
300 262 1r4
4o0 441 268

500 664 406
600 926 561
700 1217 727
800 1503 877

1000 2115 1154

1100 2550 1363

oooirce: ::c 2v'een and ,arsh, i960
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. VOLCANIC TUP?

Shook Particle Pressure Relative
Velocity Velocity Volume
(uw//ueo) (um//"eo) (kilobars)

Voloanio Tuff - Dry

2.627 0.869 Y.) 3.6695313.33 1.340 74 0.598 2
3.433 1.329 Tr 0.613 23.78 1.73 105 0.542 (
,71 1,72 109 0.536 (2j

299 1.626 132 0.6218(1I4.76 2.31 181 0.515 (2)

Volcanic Twtf - Wet

4.05 1.236 94 0.695 2
4.13 1,27 95 0.692 2
4.09 1.230 96 0.699(3
4,411 1.61 130 0.635(24.40 1.60 133 0.636(2)

4.61 1.59 136 0.655 (2
.01 2.02 171 0.597(2

4.79 2.24 9h0.2
5.23 2.25 2570

0 Dry - 1.60 - 1.88; Wet - 1,79 M 1.90
Source: Lombard (1961)

(1) Tunnel U12A9 Nevada Teat Site

(2) Tunnel U123, Nevada Test Siti, mired near Rainier

(3) Origin undetermined
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VOLO&JIO T1LPP

Shook Particle Pressure Relative
Velocity Velocity Volume
(mM/l5seo) (mm/stseo) (kilobars)

Dry Volcanio Tuff

2.24 0.95 31 0.576 (5)
3.70 1.58 85 0.37 (5
4.28 2.28 143 0.467
4.20 2.50 153 0.405 5
4.78 2.90 202 0.393 (5)

2.68 1.00 39 0.627 (4'
3.56 1.57 82 0. 566 (4
4.03 2.50 147 0.380 4
4.24 2.46 152 0.420 (4)

Water-Saturated Voloanio Tuff

3,42 0.90 53 0.77 (4)
4.26 1.45 108 0.660 (4)
5.49 2.81 270 0.488 5

0= Dry - 1,.46; Water-saturated - 1.74

Source: Bass, Hawk and Chabai (1963)

(4) Fevada Test Site Area 16

(5) Nevada Teet Site Area 3

3
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TUNGSTEN

Shock Particle Pressure Relative
Velocity Velocity Volume
(w-frasec) (mm//csec) t,-. obars)

4.56 0.45 395 0.901
4.55 0.45 .194 0.901
4.78 0.64 587 0.866
4.82 0.64 590 0.868
5.47 *1.7 1225 0.786
5.49 I.17 1227 0.788
6.21 1.73 2061 0.721
6.19 1.73 2054 0.7216.24 IM73 2074 0.723

= 19.17
Souroe: MoQueen and Marsh (1960)
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Temlperatures associated with shock

Tunigsten.

rressure Temperature Residual
(kilobars) behind shock temperature

(CO) (CO)

0 20 20
100 35 21
200 56 30
300 89 48
400 136 79

500 199 121
600 279 176
700 375 241
800 488 316
900 617 4o1

1000 761 494
1100 920 594
1200 1092 700
Roo 1277 802
1 1474 928

1500 1681 1048
1600 1898 1170
1700 2123 1295
1800 2356 1421
1900 2596 1547

2000 2841 1674
2100 3090 1800

Source: 'cIQueen and M2 9. 1960
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VANADIUMI

Shock Particle Pressure Relative
Velocity Velocity Volume
(mqx//usec) (mm/,,usec) (Icilobars)

5.78 0.58 204 0.900
5.73 0.58 203 0.898
6.16 0.80 301 0.870
6.07 0.81 301 0.866

6.08 0.,81 302 0.866
6.05 0.82 301 0.865
6.08 0.81 301 0.866

6.49 1.12 441 0.828

6.50 1.11 441 0.829I
6.46 1.12 441 0,827
7.29 1.86 825 0.746
7.28 1.86 82'5 0.745

7.32 1.85 828 0.747
7.34 1.85 829 0.748

*8.20 2.59 1244 0.697
8.17 2.49 1241 0.695

= 6.1

Source.- McoQueen and Marsh (1960)
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Te.perature3 associated with shock

Vanadium

* ressure Temperature Residual
(C'lubars) behind shock temperature

(cO) (00)

0 20 20
100 45 24
200 87 44
300 155 84
4o0 251 144

500 374 222
600 523 314
700 697 419
800 892 533
900 1106 655

1000 1338 783
1100 I584 913
1200 1841 1046
1300 2109 1178

Source: MlcQueen and Mlarsh, 1960
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Z IN C

Shook Particle ITessure Relative
Velocity, Velocity Volume
(mm•/issec) (mm/ýsec) (kilobars)

4.019 0.673 193.0 0e833
3.850 0.615 169.1 0.840
4.418 0.842 265.6 0.809
4.663 1.008 335.6 0.784

4.684 1.043 348.7 0.777
4,791 1.121 383.5 0.766
4,792 1.172 401.0 0.755
4,815 1.197 411.5 0.751

ýo = 7.14

Soiree: Walsh and Christian (1955)

ZINC

Shock Particle rressure Relative
Velocity Velocity Volume
(Ma/ifsec) (rx /rSeo) (kilobars)

5.81 1.80 745 o.69o
5.82 1.80 747 0.691
5.78 1.80 743 0.688

7.22 4.71 17b4 0.625
7.34 2.71 .416 0.631
7.30 .69 1403 0.631

= 7.14

""iource: Me:,ueen and 1iarsh (1960)
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"ZINC

Shook Particle Pressure Relative
Velocity Velocity Volume
(m/m~sec) (mm•/sec) (kilobars)

5.014 1.250 447 0.7507
4.870 1.190 414 0.7556
4.481 0.88 281.4 0.8036
4.450 0.894 283.9 0.7991

4.053 0.650 188 0.8396
4.13 0.673 198.3 0.8370
4.022 0.63O 180.8 0.8434

ýo = 7.135

Source: Wtalsh, Rice, McQueen and Yarger (1957)

ZINC

Shock Particle Pressure Relative
Velocity Velocity Volume
(mm/see) (mm/,Isse c) (kilobars)

4.70 1.04 350 0.781
6.85 2.54 1240 0.629
9.90 4.61 3260 0.535

= 7.14

Source: Alltshuler, Krupnikov and Brazhnik (1958)

314



NOTS TP 3798

100

2I
U,

EJ 6
E

0
7;

0 2 .. ..
0.50 2000

Pressure- Kilobars

16001

0

.0

y0

1800
(U

U)

001

0.5 0.7 0.9
Relative Volume V/V.

3ZINC

I



NOTS TP 3798

Tenm-eraturec associated •ith shock

Pressuire Temperature Residual
(kilobar.) behind shock temperature( co) ( CO)

0 20 20
100 122 37
200 274 101
300 495 197
400 750 310

500 1102 419
600 1223 419
700 1363 426
800 1810 544
900 2305 660

1000 2846 774
1100 3431 885
1200 4060 -

130 4734
1500 6225 -

Source: Mc.uocn and 41aroh, 1960
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ZIRCONIUIMI

Shock Particle Pressure Relative
Velocity Velocity Volume
(mnvmsec) (mmn/sec) (kilobars)

4.494 0.7117 207.5 0.8416
4.674 0.9563 290 0.7954
4.920 1.275 407 0.7408

= 6.49

Source: Walsh, Rice, flcQueen and Yarger (1957)
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Tempeiatures associated with shoce'

Sirconiuia

Pressure Temperature Residual
(kilobars) behind shock temperature

(co) (.•o)

0 20
100 55
150 92
200 143
250 214

300 298
350 395
400 503
450 616
500 737

*3ource: Rice, ,cQueen and Walsh, 1953
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